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ABSTRACT
Current solar panel technologies require a sheet of glass to serve as both mechanical support
and to protect the cells from the environment. The reflection from the glass sheet can reflect up
to 8% of the incident light, reducing the power output of the panel. Antireflective coatings can be
used to allow more light to enter the panel to be converted into usable electricity. However, no
solid thin film materials exhibit a low enough index of refraction to serve as antireflective
coatings for common solar glass. The main goal of this research was to investigate the selfcleaning, antifogging, and antireflective behavior of low index of refraction silica nanoparticle
films, with an ultimate goal to develop a method to deposit these films on glass substrates from
aqueous solutions.
The optical, wetting, and self-cleaning ability of these films was evaluated at a laboratory
scale. It was determined that the film performance could be significantly improved by utilizing a
polyvinylpyrrolidone (PVP) adhesion layer during the deposition process. Using this method, the
solar weighted transmittance of glass was improved to 97.4%, with peak transmittance of 99.5%,
using a double sided coating.
The short-circuit current and conversion efficiency of silicon solar cells was improved by a
relative 4.4% over an equivalent cell packaged behind uncoated glass. This represents 50%
recovery of the losses associated with packaging. Dual-layer antireflective coatings for both
silicon and gallium arsenide solar cells using the silica nanoparticle coating were also created.
An average increase of 28% in the short-circuit current and 32% relative improvement in device
efficiency was achieved with silicon devices. The average conversion efficiency of the planar
silicon cells was increased from 10.6% to 14% by addition of the coating.

In summary, the experimental study of the optical properties and surface morphology of
silica nanoparticle films deposited with a PVP adhesion layer demonstrated the potential of these
films as optical coatings and functional self-cleaning and antifogging surfaces. The
characterization of these silica nanoparticle films provided a fundamental understanding of the
relationship between the optical and wetting properties of the nanoparticle coating and the
morphology of the film.
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CHAPTER 1
INTRODUCTION
Photovoltaic (PV) conversion of solar energy to electricity has been a topic of intense
research since the PV effect was first observed in 1839. Recent areas of interest have been in
methods to increase electrical output of PV panels while reducing production and maintenance
costs. A method of improving systems level efficiency of PV panels while reducing
maintenance costs was investigated in this research.

1.1. Background and Motivation
The achievements to date in the solar industry are astonishing. Since 1977, the price per watt
of PV panels has decreased 99%, from $76.67/W to $0.74/W in 2013 [1]. Additionally, over that
same time frame the efficiency of silicon solar cells has increased from 13% to a recent 24.7%
record set by Panasonic [2], [3]. Researchers are continuing to search for additional cost savings
and efficiency gains by focusing on novel PV materials, low cost processing methods, and
efficient conversion technologies [4].
While much research has focused on addressing losses at the PV device level, significant
losses also occur due to the panel assembly and packaging. When light enters a solar panel, it
encounters two key interfaces where reflections occur: the air-glass interface at the surface of the
panel, and the surface of the PV device. A cross section of a typical PV panel highlighting these
reflections is shown in Figure 1.1. When light is reflected at these surfaces, the overall output of
the panel is reduced. By addressing this issue, the electric output of a solar panel can be
improved to more closely match the maximum performance of the packaged cell.
1

Figure 1.1: Cross section of a typical PV panel. Light is reflected from the cover glass as
well as the surface of the PV device.

2

The cover glass used to package solar cells reflects up to 4% of light from both the top and
bottom surfaces at normal incidence, resulting in a total of 8% reflectance [5]. This reflectance
increases as the angle of incidence deviates from 90°. The light reflected at this air-glass
interface never interacts with the photovoltaic device to create usable electric current. For
example, a 15% efficient silicon solar cell when packaged behind glass with an average
transmittance of 92% only converts 13.8% of solar radiation to electricity. Thus, from a systemslevel perspective the efficiency of a solar panel is reduced due to the reflected light.
The most common method of reducing reflectance at the air-glass interface for current solar
panels is to create a textured surface that diffracts light into the panel. However, this results in
only a very small (<1%) increase in transmittance [6]. A more effective means of reducing
reflectance from the glass surface is the use of an antireflective coating with a low-index of
refraction. However, this method is not commonly used since magnesium fluoride (MgF2), with
n = 1.38, is the lowest known index of refraction for a solid thin-film, which is much larger than
the ideal index of refraction (n ~ 1.23) from the Fresnel equations for the most common glasses
[5]. In addition, films that do exhibit an index of refraction of n~1.23 are cost prohibitive due to
the expensive fabrication processes required.
Reflectance from the surface of the PV device can be as high as 30% [7]. This is reduced by
utilizing stacks of transparent thin films with varying thicknesses and indexes of refraction [8]–
[12]. These antireflective coatings typically demonstrate a very low reflectance; however, the
minimal reflectance occurs at a single wavelength with significantly higher reflectance at all
other wavelengths [11], [12]. Techniques such as etching textures onto the surface and using
silicon nitride thin films have been utilized on commercial PV devices to help reduce these
effects [13].
3

Another critical issue in solar panel performance is the reduction in output due to the
accumulation of dust and contaminants on the surface of the panel in outdoor installations. The
severity of this issue is compounded by the fact that most large solar installations are located in
dry, arid, and dusty locations. In the United States, solar installations are most prevalent in the
desert southwest as shown in Figure 1.2 [14]. The presence of dust can reduce the output of the
panel by 3 to 25% depending on the severity of contamination [15]. Cleaning these panels also
requires large amounts of water and man-power contributing to the overall maintenance costs.
The need to address these issues has led to large research interest in the field of self-cleaning
surfaces. Self-cleaning surfaces are surfaces that actuate the removal of contamination when
provided with a natural environmental stimulus, such as rain or sunlight. Broadly, these surfaces
can be described as superhydrophobic, superhydrophilic, or photocatalytic.
When water is used to clean the surface, the interaction is determined by the water contact
angle. Surfaces that exhibit extreme states of wetting, known as superhydrophobic and
superhydrophilic surfaces and schematically shown in Figure 1.3, are of great interest. A water
droplet on a superhydrophobic surface forms a nearly spherical shape. The most common
example is the lotus leaf, which utilizes a superhydrophobic surface to repel water and remove
surface contamination [16]–[21]. When placed on a superhydrophilic surface, a water droplet
spreads out rapidly to form a thin film on the surface. This rapid flow can dislodge and wash
away contamination [22]–[24]. Another type of self-cleaning effect is used by surfaces that
degrade contaminants through chemical reactions [25]–[28]. These photocatalytic surfaces utilize
incident solar radiation to facilitate oxidation and reduction reactions that break down organic
molecules. Surfaces that combine two or more of these mechanisms have also been reported
[29]–[31].
4

Figure 1.2: Production of electricity from solar by state. Data from U.S. Department of
Energy [14].

5

Figure 1.3: Wetting behavior of water droplets on superhydrophobic and superhydrophilic
surfaces.

6

Approaches based on the use of nanoparticle coatings have the ability to provide multiple
complimentary functions, such as coatings that are both self-cleaning and antireflective.
Nanoparticle coatings are easy to apply, require less sophisticated deposition techniques, and
have tunable properties. However, these multifunction coatings typically require optimization of
one function at the expense of another. For example, photocatalytic coatings self-clean at the
expense of antireflective ability. Therefore, understanding the mechanisms that control the
deposition, self-cleaning, and optical properties is important in optimizing a coating system.
In this investigation, the nanoporosity created by depositing a silica nanoparticle layer on a
glass surface was used to control the optical and wetting properties of the surface. The index of
refraction of these films was lower than any solid thin film materials and can be tuned to
maximize transmittance across the spectrum. These properties resulted in a nanoparticle film
material that has applications both at the glass surface and the surface of the solar cell device. At
the same time, silica nanoparticle coatings demonstrated extreme wetting behavior that
facilitated the removal of surface contaminants when wetted with water. The resulting coating
will increase the amount of light transmitted by the cover glass to the PV device, decrease
reflection from the PV device surface when used as a device-level antireflective coating, and
improve solar panel output over time by keeping the surfaces clean. The unique optical
properties of this coating also showed promise for use in multi-layer antireflective coatings at the
device level.
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1.2. Proposed Solution
The goal of this study was to develop a low-index of refraction film that was low cost compared
to existing alternatives and commercially feasible through aqueous silica nanoparticle solution
processing. The resulting film would have uses in self-cleaning and antireflective solar glass
coatings, as well as antireflective coatings for solar cell devices. The specific objectives were:
1. Determining the impact of processing parameters on the surface topography and optical
properties of the silica nanoparticle layer (process-structure-property relationship).
2. Identifying and optimizing an adhesion layer material to increase uniformity and
durability of the silica nanoparticle film.
3. Understanding the chemical and structural interactions between the adhesion layer and
the silica layer and the resulting optical properties.
4. Utilizing the optimized coating as a part of broadband anti-reflective coatings (ARCs) for
solar devices.

1.3. Layout of Dissertation
The layout of the dissertation is as follows. In Chapter 2, the literature for self-cleaning
surfaces, antireflective coatings, and combined self-cleaning and antireflective coatings is
examined. Chapter 3 presents a detailed look at the theoretical concepts that govern surface
wetting and antireflective effects. Next, the design of experiments and an overview of
characterization tools are presented in Chapter 4. Chapters 5, 6, 7, and 8, provide details of the
investigation of silica nanoparticle self-cleaning and antireflective coatings, use of an adhesion
layer to improve film uniformity and performance, optical modeling of these surfaces and
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applications to device level coatings, respectively. The conclusions of this research, as well as an
outlook for future research, are provided in Chapter 9.

9

CHAPTER 2
LITERATURE REVIEW
Self-cleaning and antireflective coatings are addressed in multiple genres of scientific
publication. The coating that was studied in this work combines elements related to:
•

Surface wetting modification

•

Self-cleaning artificial and biomimetic surfaces

•

Thin film and low refractive index materials for antireflective coatings

•

Device level antireflective coatings

2.1. Surface Wetting Modification
In literature, many processes to achieve superhydrophobic and superhydrophilic surfaces
have been presented. The most common methods include modification of the surface structure
through etching or mechanical roughening and modification of the surface chemistry. In the
following sections, the literature focusing on both of these methods will be examined. Surfaces
that utilize a combination of structure and chemistry to achieve wetting modification will be
included with the discussion of chemically modified surfaces since the combinatory effect of
these two methods is most commonly reported in the literature.
Additional forces must be considered for surfaces that are porous, such as nanoparticle films,
and surfaces that undergo electrical transformation when exposed to UV light, such as titanium
dioxide films. The literature regarding these types of coatings is discussed in Section 2.1.3.
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2.1.1. Wetting Modification by Surface Structuring
The wetting of structured surfaces is commonly described by phenomenological models
developed by Wenzel [32] and Cassie and Baxter [33]. With only extreme exceptions, both
models result in hydrophilic surfaces becoming more hydrophilic and hydrophobic surfaces
becoming more hydrophobic when surface roughness is increased. Nilsson et al. [34] reported
perhaps one of the simplest methods to create a superhydrophobic surface by providing surface
roughness to a hydrophobic material. In this work, sandpaper was used to roughen a piece of
polytetrafluoroethylene (PTFE), better known by the trade name Teflon©. This resulted in an
increase of the water contact angle from ~117° for smooth surfaces to greater than 150° for
rough surfaces.
The body of literature for superhydrophobic surfaces with both dual-scale roughness [19],
[21], [35]–[39] and nanopillar-type designs [36], [37], [40]–[48] is immense. However, the
processing methods utilized to form these structures are high cost and typically require
semiconductor processing equipment such as reactive ion etching (RIE) or photolithography. Lee
et al. [49] formed a superhydrophobic surface on aluminum by blasting with sodium bicarbonate
and subsequent anodization. This created a dual-scale roughness on the surface of the aluminum
similar to that of a lotus leaf. Wang et al. [47] produced a random array of nanocones on silicon
using a two step nanoparticle lithography process to form a superhydrophobic surface. Patankar
et al. [50] proved using a modeling approach that superhydrophobic behavior could be achieved
by both surfaces with dual-scale roughness and surfaces covered with high aspect ratio
nanopillars.
The use of surface structuring can also lead to superhydrophilic behavior. Kim et al. [51]
utilized plasma processing followed by anodization of an aluminum surface to create a
11

superhydrophilic surface. Fleming and Zou [52] created superhydrophilic surfaces on titanium by
first sandblasting the surface to create micro-scale roughness followed by coating with silica
nanoparticles. Kollias et al. [53] utilized rapid aluminum induced crystallization of amorphous
silicon to create nanoscale roughness on surfaces that resulted in superhydrophilic surface
wetting. In each of these examples, the surface roughness led to an increase in the wettability of
the surface.

2.1.2. Wetting Modification by Chemical Methods
In its most basic form, the description of wetting by Young [54] and Dupre [55] states that
the equilibrium contact angle is achieved when the interfacial tensions are balanced. For a
perfectly smooth surface wetted with water, these interfacial tensions are defined by the energy
of the surface. On high energy solids, water tends to spread rapidly leading to hydrophilic
behavior. Low energy solids are typically hydrophobic and water on the surface reduces its
surface energy by taking a spherical shape. The energy of a solid surface can be changed by
chemical means to control the wetting behavior.
The body of literature demonstrates that superhydrophobic behavior can be achieved through
many combinations of surface roughening and surface chemistry modification [17], [31], [38],
[43], [47], [48], [52], [56]–[64]. Most commonly, the surface energy is reduced by depositing
very thin layers of low-energy polymers. High aspect ratio topographies that are normally
hydrophilic can be made superhydrophobic by depositing a self-assembled monolayer (SAM) of
fluorosilanes. Min et al. [16] reported pillar-like structures on both silicon and glass that became
superhydrophobic when coated with a SAM. Park et al. [48] created a superhydrophobic surface
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using nanosphere lithography to create nanoscale roughness followed by deposition of a SAM.
Yang et al. [61] used micron and nanometer scale silica particles to create a dual-scale roughness
on glass substrates. The surface was then turned superhydrophobic by the deposition of a SAM.
Another approach commonly reported in literature is the creation of superhydrophobic
surfaces by depositing a nanoparticle film using nanoparticles with functionalized surfaces.
Yildirim et al. [18] prepared silica nanoparticles with fluorosilane groups attached to the surface
in solution and then deposited these particles onto substrates to form a superhydrophobic coating.
A similar approach was taken by Goswami et al. [62] with methylsilane modified particles.

2.1.3. Additional Forces during Surface Wetting
In addition to wetting modifications achieved by surface roughening and chemical treatment,
porosity induced wicking [65]–[70] and photoinduced surface chemistry changes [26], [28], [30],
[71]–[73] are also reported in the literature.
The superhydrophilicity of silica nanoparticle coatings can be attributed to two
complementary forces working to rapidly spread water on the surface. First, the high surface to
volume ratio of the particles, along with an abundance of hydroxyl groups on the particle
surfaces, contributes to a very high surface energy [74]. Secondly, nanoscale capillary forces
occurring in the pores formed between nanoparticles contributes to the wicking of water along
the coating [75].
Some semiconducting materials demonstrate superhydrophilicity when exposed to UV light.
One notable example in literature is titanium dioxide (TiO2) [26], [28], [30], [71]–[73]. When
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exposed to UV light, the thin adsorbed water layer on a TiO2 surface is desorbed. This increases
the number of available sites for interaction with incident water and contributes to rapid
spreading [76]. Also, the photocatalytic degradation of organic contaminants adsorbed on the
surface leads to increased hydrophilicity by increasing the number of sites available for wetting
by water [76].

2.2. Self-cleaning Artificial and Biomimetic Surfaces
Transparent and self-cleaning coatings for solar applications are of great interest to reduce
the losses in power output due to dirt and dust accumulation [16], [20], [22], [25]–[31], [62],
[71], [73], [77]–[79]. Kimber et al. [15] reported that the output of solar arrays can be reduced by
3% to 25% depending on the severity of the contamination. The self-cleaning ability of
superhydrophobic and superhydrophilic surfaces reported in literature will be discussed in the
following sections.

2.2.1. Fabrication of Self-cleaning Superhydrophobic Surfaces
In literature, superhydrophobic surfaces are created by providing both micro- or nanoscale
roughness and a low surface energy SAM as discussed in Section 2.1.2. In order to achieve selfcleaning, the surface must have low adhesion and high water contact angle. These surfaces
mimic the self-cleaning mechanism of the lotus leaf [80].
Park et al. [17] developed very high aspect ratio needle-like structures on fused silica
substrates that exhibited superhydrophobic self-cleaning behavior. Three contaminants, white
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sand, moss spores, and silicon carbide, were removed completely with at most 3 drops of water
on a single location. Bravo et al. [63] and Min et al. [57] also created superhydrophobic surfaces
and claimed self-cleaning ability. However, no quantitative cleaning data was presented in their
reports.
The superhydrophobic behavior of these surfaces exists in a precarious balance. The
structures are inherently superhydrophilic and require a precise low-energy monolayer in order to
switch the wetting behavior to superhydrophobic [52], [58], [59], [70]. Once the coating begins
to fail, the performance can be reduced beyond that of bare glass. In fact, a recent review of selfcleaning glass coatings [27] determined that over time hydrophobic glass coatings exhibited
worse cleaning performance than uncoated glass.
Self-cleaning behavior is also reported in the literature for coatings that incorporate
photocatalytic materials. In particular, coatings that incorporate titania nanoparticles are widely
reported in the literature [26], [28]–[31]. Nakajima et al. [31] also developed a superhydrophobic
self-cleaning surface utilizing a sol-gel process. By adding 2 wt% TiO2 to the superhydrophobic
sol-gel coating the sample was able to maintain its high water contact angle and resist soiling
after 1800 hours of outdoor exposure. However, the TiO2 also attacked the fluoropolymer
coating responsible for the hydrophobic behavior, resulting in a trade-off between
hydrophobicity and cleaning ability. Zhang et al. [26] created a superhydrophilic self-cleaning
and photocatalytic surface consisting of silica and titania nanoparticles. They reported that over a
few hours of UV exposure with similar intensity to sunlight a thin oily hydrocarbon layer was
completely decomposed.
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2.2.2. Methods of Characterizing Self-Cleaning Coatings
No standard method to evaluate the self-cleaning ability of glass coatings exists; however,
there are two common approaches found in literature. The first method was developed by
Bhushan et al. [37] and consists of artificially contaminating a surface with particles, then
rinsing in a controlled manner. The cleaning ability of the surface is either reported by counting
the particles remaining on the surface under a microscope, or measuring the optical transmittance
of the samples.
The second method commonly reported is specific to photocatalytic self-cleaning coatings.
These coatings are evaluated by submersion in a solution containing some organic chemical. For
example, Kesmez et al. [28] utilized a solution containing rhodamine B while Prado et al. [29]
used a solution of methylene blue. The concentration of the test chemical in the solution was
monitored over time to characterize the photocatalytic degradation occurring under UV-light
exposure. However, in the reviewed literature no attempt was found to correlate this mechanism
to real-world environmental contaminants.
An alternative method was utilized by Son et al. [22] who monitored the transmittance over
time of glass samples placed in the outdoor environment. This method is most applicable to
evaluating the field performance of solar glass coatings; however, it is not conducive to a rapid
learning cycle due to the length of time over which samples must be monitored and the
variability of conditions during testing.
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2.3. Antireflective Coating Materials
The need for effective management of light is common to all photonic devices. In many
systems, parasitic reflections limit the amount of light available to be processed. These
reflections are reduced through the use of antireflective coatings (ARCs). The first report of
ARCs was by Lord Rayleigh in 1886 [81]. He recognized that when glass tarnished, it
transmitted more light at normal incidence than untarnished glass. This was the result of an oxide
film forming on the glass surface that had an intermediate index of refraction between that of the
glass substrate and air. In this section, current methods reported in literature to produce ARCs
on glass will be discussed. An overview of selected papers is shown in Table 2.1.
2.3.1. Surface Texturing to Reduce Reflection
The reflectance from a smooth surface is typically much higher than from a rough surface of
the same material. At the macro- and micro- scale, the reduced reflection light is the result of
diffuse scattering and a portion of light being reflected back into the surface. In some cases, such
as solar glass, a dimpled surface is utilized to decrease the reflection of light at non-normal
angles of incidence. However, at the nano-scale the length scale of the roughness structures is
smaller than the wavelength of light. This leads to a graded index of refraction at the surface
commonly known as moth-eye type surfaces.
These structures have been created on semiconductors [85]–[87], polymers [88], and glass [17],
[22], [57]. Park et al. [17] created high aspect ratio needle-like structures on fused silica
substrates that demonstrated a broadband antireflective effect with an average transmittance of
98.5%. Son, et al. [22] also created a surface texture by etching and achieved an average
transmittance of 94.4%. However, these processes involve multiple steps, are expensive, and do
not readily scale to large substrates.
17

Table 2.1: State of the Art Self-cleaning and Antireflective Glass Coatings
Authors
Lu [23]
Ganjoo
[65]
Shimizu
[82]
Cebeci
[75]
Du [83]
Liu [69]

Coating
Wetting
Self-cleaning
composition
Sol-gel silica Superhydrophilic Under
investigation
Sol-gel silica Superhydrophilic N/A

Transmittance†
Durability
(550-1050 nm)
96.3% **
2H pencil
hardness
88.3%
N/A

Sol-gel silica N/A

N/A

Nanoindentation

98.6% **

Tape peel test

LBL silica

N/A

Superhydrophilic Not presented

LBL silica
Sol-gel
silica/titania
Sol-gel
silica/titania
Sol-gel
silica/titania

Superhydrophilic Not presented 93.7% **
Superhydrophilic Decomposition 96.0% ***
of ODMS
Kesmez
Superhydrophilic Decomposition 86.4% **
[28]
of RhB
Prado
Superhydrophilic Decomposition 96.1%
[29]
of methylene
blue
Zhang
LBL
Superhydrophilic Decomposition Not readable
[84]
silica/titania
of ODP
Park [17] Texture by Superhydrophobic Optical
98.5% *
etching
transmittance of
contaminated
surfaces
Nakajima Sol-gel
Superhydrophobic Optical
92.9% **
[31]
titania/
transmittance of
boehmite
contaminated
surfaces
Bravo
LBL silica Superhydrophobic Claimed from 92.5% **
[63]
wetting
Son [22] Texture by Superhydrophilic Outdoor
94.4% **
etching
exposure
Min [57] Texture by Superhydrophobic Claimed from N/A
etching
wetting
†

N/A
N/A
3H pencil
hardness
N/A
N/A
N/A

N/A

N/A
N/A
N/A

Values calculated from digitized transmittance spectra
* Fused silica used as substrate ** Wavelength limited to 800 nm
*** Wavelength limited to 650 nm
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2.3.2. Sol-Gel and Nanoparticle Based Coatings
Current silica nanoparticle coatings are deposited using a sol-gel method that is heavily
dependent on volatile alcohols. As the concentration of alcohol in the solution varies as a result
of evaporation, the properties of the deposited films change as well. These processes rely on
complex hydrolysis and polycondensation reactions that typically require many hours to
complete. Cebeci et al. [75] utilized a layer-by-layer technique to deposit a superhydrophilic
silica coating that exhibited transmittance of 98.6%. Lu et al. [23], Liu et al. [69], and Prado et
al. [29] all achieved greater than 96% transmittance with silica coatings deposited by the sol-gel
method.
Aqueous coatings are advantageous in industry because of the reduced material handling
concerns and the stability of the solution over time. However, the capability to deposit from
aqueous solutions is not well developed and is one of the key challenges to adoption in industrial
processes [89].

2.3.3. Self-cleaning and Antireflective Coatings
Yao and He provided a thorough review of current self-cleaning and antireflective coating
research [20]. Coatings containing photocatalytic particles are efficient at self-cleaning; however,
the high index of refraction of the particles reduces their effectiveness as an antireflective
coating. By using very low concentrations of titanium dioxide, the antireflective characteristics
are maintained; however, a trade-off between self-cleaning ability and optical transmittance
occurs [26]. The highest optical transmittance reported by Prado et al. of 96.1% with a very
small amount of titania represented a 1% reduction in transmittance from the same film prepared
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without the self-cleaning titania [29]. Other titania coatings have transmittances as low as 86%
[28]. For applications in solar packaging, this is an unacceptable trade-off since the loss of
electricity due to reflectance outweighs the loss from surface contamination. While the
photocatalytic degradation of contaminants is well developed in literature, the bulk transport of
contaminants by superhydrophilic surface wetting has not been reported by others.
Self-cleaning superhydrophobic coatings have been reported that are based on the lotuseffect. Park et al. [17] reported a superhydrophobic fused silica sample with optical transmittance
of 98.5%. This surface was created on a fused-silica substrate using clean-room photolithography
and etching processes. Nakajima et al. [31] also produced superhydrophobic coatings through a
sol-gel process. However, this process was only capable of achieving 92.9% optical
transmittance.
Lu et al. [23] presented the most compelling evidence of silica nanoparticle coatings that
exhibit both antireflective and self-cleaning ability. The silica films were deposited using a solgel method and achieved an average transmittance of 96.3% (550 - 1050 nm). The coating was
applied to a full scale solar panel and placed in the field for monitoring the self-cleaning ability.
While many reports have addressed the wettability of the produced silica coatings, there has been
no report of self-cleaning behavior due to the wicking away of contaminants from others.

2.4. Device Level ARCs
Nanostructured device level ARCs have been reported in literature and offer broadband and
omnidirectional antireflectivity. These coatings can be classified by the method by which they
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are created. Top-down coatings are where a surface structure is created by etching of the
substrate. Bottom-up approaches where the coating is deposited onto the substrate.

2.4.1. Top-down Device Level ARCs
The current industry standard for surface texturing of single crystalline silicon solar cells is
the formation of randomly oriented square-base pyramids. These pyramids are formed by the
anisotropic etching of <111> wafers by alkaline etching agents [90]. These structures provide
nearly perfect antireflection at normal incidence; however, the flat sides of the pyramids reflect
light strongly at higher angles of incidence.
Omnidirectional antireflectance has been realized by forming extremely high aspect ratio
needle-like structures by reactive-ion etching (RIE) [91]. The resulting surface is known as
“black silicon” due to the near perfect absorption of incident light. Lee et al. [87] utilized
polystyrene bead lithography and plasma etching to form nanometer scale pyramids on silicon
that are highly antireflective. Tommila et al. [92] fabricated nanocone structures on AlInP used
as window layer for GaAs solar cells through nanoimprint lithography and plasma etching.
The high adsorption of these structured surfaces has generated much interest in creating
useful devices However, these geometries lead to additional difficulty with forming proper
junctions and electrodes for solar cell devices. Also the high cost of the processing steps required
limits their usefulness on solar devices.
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2.4.2. Bottom-up Device Level ARCs
Bottom-up ARCs are coatings that are deposited onto the active device either by physical or
chemical means. The most simple of these coatings are the quarter-wavelength index matched
ARCs. For most silicon solar cells, thin layers (~70 nm) of silicon nitride are deposited using
chemical vapor deposition. The wavelength of minimum reflection can be controlled for these
coatings by varying the thickness deposited. Improvements on these coatings are made by
utilizing two and three layer ARCs or by depositing nanostructured coatings.
Leem et al. [85] deposited alumina doped zinc oxide by sputtering followed by lithography
and etching, and a final sputtering process to create parabolic nanostructures. The solar weighted
reflectance of these structures was 5.3% over a range of 300-1100 nm. Diedenhogen et al. [12]
created a graded refractive index layer by growing tapered GaP nanowires. When compared to a
standard dual layer antireflective coating, the graded index coating increased the current
produced by the cell by 5.9%. Jung et al. [9] deposited three layer ARCs on GaAs substrates by
sputtering composite films of zinc sulfide and magnesium fluoride.
These bottom-up approaches provide a wide range of variables for optimization of the
coating performance and also benefit from allowing high-throughput and low-cost processing.
The optical properties of the silica nanoparticle film developed in this research are of great
interest for the top layer in multilayer antireflective coatings. The literature for multi-layer
antireflective coatings utilizing silica nanoparticles is very limited, with only one relevant report
published. Watanabe et al. [93] deposited a monolayer of 100, 200, and 400 nm silica particles
on top of a dual layer TiO2 and SiO2 ARC. The 100 nm particle coating showed a 7.1% relative
increase in efficiency over the dual layer coating alone.

22

2.5. Summary
The literature demonstrates that there is a need for low-cost industry-friendly glass coatings
that are both self-cleaning and antireflective. Nanoparticle based technologies and moth-eye type
structured coatings are both viable solutions that have been studied extensively. A suitable
coating that combines both of these functions would also be applicable to bottom-up device-level
antireflective coatings.
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CHAPTER 3
THEORETICAL BACKGROUND
The purpose of this chapter is to provide an overview of the theoretical concepts that guided
the development of the research presented. The theories governing the interaction of water with
surfaces, the ability for surfaces to self-clean, and the optical properties of thin-films and
antireflective coatings will be discussed.

3.1. Surface Wetting
Surface wetting behavior is governed by thermodynamic interactions at the solid-liquidvapor interface, including gravitational effects and polar and electrostatic interactions. The
interaction between liquid droplets and surfaces was first examined in 1805 by Thomas Young
[54]. In his seminal work, Young expressed the contact angle assumed by a droplet on a surface
as the tangent line along the droplet at the solid-liquid-vapor interface. This relationship was
derived in 1855 by August Dupre [55] to be the mechanical equilibrium of three interfacial
tensions:
𝛾𝑙𝑣 cos 𝜃𝑌 = 𝛾𝑠𝑣 − 𝛾𝑠𝑙

(3.1)

where γlv, γsv, and γsl are the liquid-vapor, solid-vapor, and solid-liquid interfacial tensions, and θY
is the Young’s contact angle. This relationship is commonly known as Young’s equation [94],
[95].
The wettability of a surface is characterized by the liquid contact angle, defined as the angle
between the surface plane and the tangent line along the droplet at the solid-liquid-vapor
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interface as shown in Figure 3.1 (a). The water contact angle (WCA), θ, is defined as the liquid
contact angle when water is used as the wetting liquid.
Surface wetting behavior can be divided into four different regimes based on the WCA. The
common states of hydrophilic and hydrophobic are defined as a WCA of less than and greater
than 90°, respectively. Low surface energy materials such as polytetrafluoroethylene (PTFE)
tend to exhibit hydrophobic behavior, where high surface energy materials such as glass or clean
silicon wafers are hydrophilic. Superhydrophilic behavior describes a state of near-perfect
wetting, and is defined as a surface that achieves a WCA of less than 10° in less than 1 second.
Superhydrophobic behavior describes non-wetting or water repellant surfaces and is defined as a
WCA of greater than 150°. These wetting domains are demonstrated in Figure 3.1 (b).
The WCA of a surface can be modified by changing either the surface chemistry or the
topography of the surface. Two phenomenological models are used to describe the effect of
surface chemistry and topography on the WCA of surfaces. The Wenzel model [32] describes
the complete wetting of a surface and defines the observed WCA as:
cosθ * = r cosθ

(3.2)

where θ* is the observed WCA, θ is the WCA on a perfectly smooth surface of identical surface
chemistry, and r is a surface roughness parameter defined as the ratio of the total surface area to
the projected surface area. The roughness parameter for any surface is greater than or equal to 1,
and increases as the surface roughness increases. Thus, an increase in surface roughness causes
hydrophobic surfaces to become more hydrophobic and hydrophilic surfaces to become more
hydrophilic as verified in literature [34], [53].
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(a)

(b)

Figure 3.1: (a) Schematic of solid-liquid-vapor interface and contact angle, θ .
(b) Wetting domains based on the measured water contact angle, θ.
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The second model, Cassie-Baxter [33], describes the wetting of a composite surface that
consists of a roughened surface and thermodynamically-stable air pockets. The observed WCA is
defined by:

cosθ * = f (cosθ +1) −1

(3.3)

where f is an areal surface fraction defined as the ratio of the wetted surface area to the projected
surface area, and θ* and θ are defined the same as in the Wenzel model. For a roughened

surface, f varies from 0 to 1, with very small values for high aspect ratio surface topographies.
This leads to the conclusion that high aspect ratio or spiked topographies could result in
superhydrophobic behavior.

3.2. Self-cleaning Surfaces
Self-cleaning glass coatings can be divided into three categories based on the mechanism
used to produce the self-cleaning effect. In Sections 3.2.1 and 3.2.2, mechanisms related to
superhydrophobic, photocatalytic, and superhydrophilic self-cleaning surfaces will be discussed.

3.2.1

Superhydrophobic Self-cleaning Surfaces

The extreme wetting states of superhydrophobic and superhydrophilic surfaces can lead to
unique phenomena with applications including water transport in microfluidic and “lab-on-achip” devices and surfaces with anti-fouling and self-cleaning capabilities. In nature, these
phenomena are utilized in various applications. For example, the Namib Desert beetle collects
water from morning fog using superhydrophilic surfaces on its wings and superhydrophobic
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channels then direct the droplet to its mouth [96]. The leaf of the Nelumbo nucifera or “sacred
lotus” plant is the most common example of a superhydrophobic surface. As water beads up on
the surface, it collects and removes contaminates so that the leaf remains clean even when
floating on a muddy pond.
The self-cleaning ability of the lotus leaf is due to micro-scale structures on the surface and a
nanostructured low-surface energy waxy coating that creates a superhydrophobic surface. These
microscopic pillars and nanostructured epicuticular wax cystalloids are shown in Figure 3.2 [80].
Many attempts have been made to replicate the self-cleaning ability of the lotus leaf. However,
hydrophobic glass surfaces have been found to perform poorly in glass coating applications [27].
In most cases, hydrophobic glass is less clean after outdoor exposure than plain float glass.

3.2.2. Photocatalytic Self-cleaning Coatings
The most common self-cleaning coating technologies in the current market are those
containing photocatalytic materials [27]. These coatings utilize energy from incident sunlight to
catalyze the degradation of organic contaminants. Common materials used for these types of
coatings are semiconducting metal oxides such as titanium dioxide (TiO2) [26], [28], [30], [71]–
[73], [77], [97], zinc oxide [98], and tin oxide [99].
When light interacts with the semiconducting surface, an electron-hole pair is generated. The
electron and hole then interact with the thin absorbed water layer on the surface forming a
photochemical “short-circuit” with both the dissociation and recombination of water molecules.
These reactions are shown in equations 3.4 – 3.6 [100].
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Figure 3.2: Illustration of dual scale or hierarchical structures found on the leaves of a
Nelumbo nucifera or sacred lotus plant (not drawn to scale).
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+
ℎ𝑣 → 𝑒−
𝐶𝐵 + ℎ𝑉𝐵

(3.4)

2𝐻2𝑂 + 4ℎ+
→ 𝑂2 + 4𝐻 +
𝑉𝐵

(3.5)

𝑂2 + 4𝐻 2 + 4𝑒−
𝐶𝐵 → 2𝐻2 𝑂

(3.6)

The presence of holes, hydroxide radicals, superoxides and peroxides at the surface of the
photocatalytic materials have the ability to initiate oxidative reactions of almost all organic and
polymer materials, as well as disinfect surfaces by killing microbes [100].
The main disadvantage to photocatalytic coatings is their high index of refraction. This limits
their usefulness in applications where highly transparent and antireflective films are required.
The index of refraction of a few photocatalytic materials are shown in Table 3.1. In literature,
this issue has been addressed by using composite films consisting of silica and titania; however,
there exists a tradeoff between the self-cleaning ability and the antireflective effectiveness [28].

Table 3.1: Index of Refraction of Photocatalytic Materials
Material

Formula

Index

Titanium Dioxide

TiO2

2.61 [101]

Zinc Oxide

ZnO

2.0 [101]

Tin Oxide

SnO2

2.0 [102]

3.2.3. Superhydrophilic Self-cleaning Coatings
Superhydrophilic thin films have received much less attention in terms of self-cleaning study.
Superhydrophilic surfaces can be achieved through surface structuring, depositing nanoparticle
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films, or with photo-induced hydrophilicity (PIH) of semiconductor films. Surface structures on
high surface energy materials such as silicon, glass, or titanium result in a Wenzel state of
complete wetting. As the liquid film on the surface spreads rapidly, it can dislodge contaminants
and remove them from the surface. This self-cleaning mechanism is shown in Figure 3.3.
Self-cleaning superhydrophilic coatings have been found to outperform superhydrophobic
coatings at both the lab [22], and industrial scale [27]. The surface chemistry required for
superhydrophobicity degrades rapidly in the outdoor environment leading to poor self-cleaning
ability. This degradation in most cases is due to imperfections in the low surface energy coating
material leading to active sites that allow water ingress and destruction of the superhydrophobic
property [46]. Superhydrophilic surfaces do not rely on perfect monolayers, and rarely show
degradation of the water contact phenomena during outdoor exposure [22].
3.3. Thin Film Optics
Thin film optics refers to the interaction of light with layers of materials whose thicknesses
are of the same order of magnitude as the wavelength of interest. When light is incident on a thin
film, it can either be reflected, transmitted, or absorbed. This relationship is shown in Equation
3.7, where T, R, and A are the transmitted, reflected and absorbed fractions of light, respectively.
1=𝑇 +𝑅+𝐴
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(3.7)

Figure 3.3: Stages of superhydrophilic self-cleaning: (a) droplet contact, (b) spreading, and
(c) contaminant removal.
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These individual behaviors are determined by the film thickness, angle of incidence, and
complex indices of refraction of the medium, film, and substrate. The absorbed fraction of light
is determined by the imaginary portion of the index of refraction. Using the Beer-Lambert law,
the absorbed fraction of light can be expressed as shown in Equation 3.8, where I and Io are the
transmitted and incident intensities, respectively, λ is the wavelength of incident light, and x is
the distance into the absorptive material.
−4𝜋𝑘𝑥
𝐴=1− 𝐼 =1−𝑒 𝜆
𝐼𝑜

(3.8)

For most optical materials, k is very small or zero, which results in A being negligible.
Since most optical materials are non-absorptive, the transmittance and reflectance are
determined by the properties of the interfaces. For example, when light strikes a sheet of glass at
normal incidence reflections occur at both the front and back interfaces as shown in Figure 3.4.
At normal incidence, the reflectance is dependant only on the index of refraction of the two
interfacing materials and is described by Equation 3.9.
𝑅=

𝑛2 − 𝑛1
𝑛2 + 𝑛1
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2

(3.9)

Figure 3.4: Transmittance and reflectance when light interacts with a sheet of glass.
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For a typical glass (n2 = 1.5) in air (n1 = 1), the reflectance is calculated to be 4%. Due to
symmetry, an additional 4% of light is reflected from the rear air-glass interface. This results in a
combined 8% reflectance of light from the sheet of glass. The relationship between index of
refraction of the material and the reflectance from its surface is shown in Figure 3.5.
From Figure 3.5 and Equation 3.9, it can be inferred that reflection from the surface is
dependent on the difference in refractive index between the substrate and the medium. Layers of
intermediate index materials, therefore, reduce the overall reflectance of the system. These layers
are known as antireflective coatings. If we assume a thick antireflective coating of n = 1.23 is
used on a glass substrate, the reflectance of at the air-coating interface is 1%. The coating-glass
interface reflects an additional 1% of light resulting in a total front surface reflectance of 2%. If
this argument were extended to an infinite number of layers with infinitesimal steps in index of
refraction, zero total reflectance can be achieved. This is the basis of graded index of refraction
surfaces that will be discussed in Section 3.3.2.
Thin films can further reduce reflectance by interference. The optical thickness of a thin film
is defined as the index of refraction, n, multiplied by the thickness of the film, d. When the
optical thickness is equal to one quarter of the incident wavelength, the light returning from the
surface reflection is 180°out of phase from the incident light, resulting in zero reflectance. The
index of refraction of the film needed to achieve zero reflectance can be found using Equation
3.10, where nf, n0, and ns are the indices of refraction of the film, medium, and substrate,
respectively.
𝑛𝑓 = 𝑛0 𝑛𝑠
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1
2

(3.10)

Figure 3.5: Relationship between index of refraction of a material and the surface
reflectance in air.
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Using this relationship, the ideal index of refraction for a single layer antireflective coating
with λ/4n thickness can be determined. For glass, with n=1.5, the ideal index of refraction is
calculated to be n=1.23. However, this index is not achievable with conventional chemical vapor
deposition (CVD) deposited solid thin films as shown in Table 3.2.

Table 3.2: Index of Refraction of Common Thin Solid Films
Material

Formula

Index

Glass

-

1.5

Silicon Nitride

SixNx

2.0

Silicon Oxide

SiO2

1.46

Aluminum Oxide

Al2O3

1.77

Magnesium Fluoride

MgF2

1.38

3.3.1. Index of Refraction of a Porous Medium
From first principles, the index of refraction of a material is defined as the geometric mean of
the relative permittivity (ε) and permeability (μ) of the material as shown in Equation 3.11.
𝑛2 = 𝜀𝜇

(3.11)

For an optical material, the relative permeability is assumed to be µ = 1. This allows the

effective permittivity of a porous material to be calculated using a weighted average as shown in
Equation 3.12, where P is the porosity fraction. Simplification of this effective medium
approximation leads to Equation 3.13.
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Since 𝜀𝑎𝑖𝑟 = 1,

𝜀𝑒𝑓𝑓 = 𝜀𝑎𝑖𝑟 𝑃 + 𝜀𝑑𝑒𝑛𝑠𝑒(1 − 𝑃)

𝜀𝑒𝑓𝑓 =

1−𝑃

𝜀𝑑𝑒𝑛𝑠𝑒 − 1 + 1

(3.12)

(3.13)

The relationship defined in Equation 3.11 is then used to arrive at the effective medium
approximation for index of refraction of a porous medium shown in Equation 3.14. The effective
index of refraction as a function of porosity fraction is shown in Figure 3.6.
𝑛𝑒𝑓𝑓 =

1−𝑃

𝑛2𝑑𝑒𝑛𝑠𝑒 − 1 + 1

(3.14)

3.3.2. Graded Refractive Index Surfaces
Another mechanism used in antireflective coatings is the introduction of surface roughness to
reduce reflectance. Large (micron to millimeter) scale roughness is used to refract light into the
coating, with the goal being total internal reflection of the light. However, since the index of
refraction of glass is small, its ability to bend light is limited.
Biomimetic inspiration for nanometer scale roughness on antireflective coatings comes from
the eye of a moth. Nearly all light incident on a moth’s eye is absorbed due to nanometer scale
structures on the surface. These structures create nanometer scale roughness which is known as a
graded-index or “moth-eye” coating. The pores created by the surface roughness results in
porosity varying as a function of depth into the coating. This concept is demonstrated in Figure
3.7.
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Figure 3.6: Effective index of refraction as a function of porosity fraction for a glass
substrate with ndense = 1.5.
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Figure 3.7: Illustration of progression of porosity in a moth-eye type coating.
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The cross section of the coating at the tip of the structures is mostly air, resulting in an index
of refraction close to n=1. As the light progresses deeper into the coating, the cross section
incorporates more of the substrate material (for structures carved out of the substrate), gradually
increasing the index of refraction to that of the substrate as shown in Figure 3.8. Therefore, light
incident on the coating does not see a step change in refractive index, but a gradual increase from
that of the incident medium to that of the substrate. Ideally, this results in zero reflectance over a
wide range of wavelengths.
3.3.3. Optical Modeling Methods
Optical modeling provides an efficient method of elucidating the impact of surface structures
on the optical transmittance and reflectance of various samples. Multiple models have been
utilized in literature, including: transfer matrix methods (TM) [103]–[106], rigorous coupledwave analysis (RCWA) [47], [57], [107]–[110], and finite-difference time-domain (FDTD)
modeling [90], [92], [111]–[115].
TM methods are elegant frequency-based numerical models that express a thin-film stack as a
matrix of optical constants. This method is only appropriate for calculating reflectance,
transmittance, and absorption for thin film stacks, but is efficient in handling multiple
wavelengths and angles of incidence [116]. In order to handle structured surfaces, the effective
medium theory is implemented to discretize the structures into finite layers with an effective
index of refraction [116], [117].

41

Figure 3.8: Light transmittance through an ideal moth-eye type coating.
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RCWA is a semi-analytical method similar to TM methods except that it allows for periodic
non-uniformities in the plane of the interface. This method works exceptionally well for periodic
structures and gratings [116]. However, the method is not well suited for analyzing non-periodic
or randomized surface structures due to the Fourier series used to describe the optical properties
in space.
FDTD modeling is a powerful tool for investigating the interactions of light with nanometer
scale structures. The FDTD method operates by applying a central difference approximation to
Maxwell’s equations in the differential form in both time and space. A spatial grid of “Yee cells”
is then populated by the discrete values of the electric and magnetic fields. As the solution is
stepped in time, the propagation of these fields is recorded [117]. In the FDTD method,
reflections from the computation domain are limited by using boundary conditions. The most
commonly used are perfectly matched layer (PML), periodic, and Bloch boundary conditions.
PML is an artificial medium that absorbs both propagating and evanescent waves. Once absorbed
in the PML, the waves decay rapidly resulting in near zero reflectance [118]. Periodic boundary
conditions are applicable when both the structure and electromagnetic fields are periodic along
an axis. Bloch boundary conditions are similar to periodic boundary conditions, except that a
phase shift in the electromagnetic field is imposed. Bloch boundary conditions are applicable to
problems such as illumination of a structured surface when the source is injected at an angle.
Due to the finite-difference nature of the FDTD method, any surface can be modeled, unlike
TM and RCWA methods which are limited to planar and periodic structures, respectively. FDTD
modeling also results in spatially discretized data that allows for in-depth analysis of the
electromagnetic field interactions with nanoscale features. FDTD modeling is also unique in that
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it is a time-based method. This allows the model to solve for all wavelengths in a single
simulation run.
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CHAPTER 4
EXPERIMENTAL DESIGN AND CHARACTERIZATION TOOLS
In order to measure the optical, wetting, and self-cleaning properties of silica nanoparticle
coatings, experiments were designed to determine the properties dependence on processing
parameters. These experiments, and the characterization tools utilized, are described in this
chapter.

4.1. Experimental Design
This investigation consisted of four main objectives: (1) determining the impact of
processing parameters on the surface topography and optical properties of the silica layer
(process-structure-property relationship), (2) identifying and optimizing an adhesion layer
material to increase uniformity and durability, (3) understanding the chemical and optical
interactions between the adhesion layer and the silica layer, and (4) utilizing the optimized
coating as a part of broadband ARCs for solar devices.

4.1.1. Impact of processing parameters on optical properties
Dip coating was used to deposit silica nanoparticle films from a colloidal silica solution. The
independent variables in this test were the dipping speed (1, 10, 50, and 80 mm/min) and the
SiO2 nanoparticle concentration (1.25, 2.5, and 5 wt%). These variables, in turn, controlled the
porosity and thickness of the film. A full factorial experimental design, shown in Table 4.1, that
includes 3 repetitions, resulting in 36 samples was utilized to determine the effects of each
parameter.
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After coating, the samples were placed in a 140 °C oven for five minutes to completely dry
the film. The optical transmittance and reflectance of the samples were measured at three
locations on each sample. One sample from each processing condition was characterized using
atomic force microscopy (AFM) (Dimension Icon, Bruker, USA) to determine whether the
morphology of the film was dependent on the deposition parameters. The imaging was
conducted using a silicon probe (RTESPA, Bruker, USA) in tapping mode. Tapping mode was
selected due to the high scan rates and resolution achievable while reducing the effects of tip
wear and contamination.
To test the dependence of the nanoparticle silica film’s optical properties on the processing
parameters, a simultaneous transmittance and reflectance spectrophotometer (aRTie, Filmetrics,
Inc., USA) was used to measure the transmittance and reflectance of silica nanoparticle films on
soda-lime glass substrates.

Table 4.1: Experimental Design for Dip Coating of Silica Nanoparticle Film
Run
1
2
3
4
5
6
7
8
9
10
11
12

Silica Dipping Speed
Silica Nanoparticle Concentration
(mm/min)
(wt%)
1
1.25
10
1.25
50
1.25
80
1.25
1
2.5
10
2.5
50
2.5
80
2.5
1
5
10
5
50
5
80
5
(3 samples per run, 3 measurements per sample)
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4.1.2. Adhesion Layer for Uniformity and Durability
In the preliminary work, polyvinylpyrrolidone (PVP) was determined to be a suitable
polymer adhesion layer due to the precedence in literature and the ease of processing in aqueous
solutions [119], [120]. However, the presence of PVP could result in a significant reduction in
the lifetime of the antireflective film due to water adsorption and UV degradation. The
experiment was designed to evaluate methods to remove PVP from the film after final
deposition, understand the mechanism by which the film quality is improved, and measure the
durability of the deposited films. These experiments are detailed in Tables 4.2 and 4.3.

Table 4.2: Experimental Design for Adhesion Layer Optimization
5 wt% Silica
Run
Dipping Speed
(mm/min)
1
10
10
2
10
50
3
10
80
4
50
10
5
50
50
6
50
80
(3 samples per run, 3 measurements per sample)
1 wt% PVP Dipping
Speed (mm/min)

Table 4.3: Experimental Design for Annealing Response Characterization
Run
Anneal Temperature (°C)
1
120
2
300
3
500
4
700
(3 samples per run, 3 measurements per sample,
deposited using best performing parameters
from Table 4.2)
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Literature suggests that the PVP can be thermally removed from the film after deposition
[89]. At high enough temperatures, this process can be accompanied by small-scale sintering of
the silica nanoparticles resulting in an increased density and durability of the film. The optical
transmittance and reflectance spectra were used to determine if the use and subsequent removal
of PVP adhesion layers resulted in a statistically significant change in the optical properties of
the film. A full factorial experiment with PVP layer dipping speed and silica dipping speed as
variables were used to determine the effect of these parameters on the film’s optical properties to
these parameters. The dipping parameters with the highest optical transmittance from this
experiment was then utilized to fabricate samples to determine the impact of heat treatment and
thermal removal of the PVP adhesion layer on the optical properties of the films.
Atomic force microscopy was also utilized to characterize the small scale uniformity of the
samples. Three images from different locations on samples created with coating parameters that
passed initial scanning electron microscopy (SEM) screening were compared for consistent
roughness and bearing analysis parameters.
The durability of the coatings was investigated using a pencil hardness test. The pencil
hardness test was conducted using a weighted pencil holder and a set of standard “pencils” to
scratch the surface according to ASTM D3363 – 05(2011)e2 [121].

4.1.3. Coating Nanostructure and Resulting Optical Properties
The use of a PVP adhesion layer resulted in changes in the surface topography of the film.
The objective in this experiment was to understand the possible mechanisms behind this surface
structuring. One proposed mechanism was that the PVP deposited on the glass diffused into the
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silica solution resulting in agglomerates in close proximity to the glass surface that were then
deposited back on the glass during dip coating. Another possible mechanism was that the PVP
remained on the glass surface and drove a silica nanoparticle self-assembly process during
deposition.
These mechanisms were then investigated by varying the soaking time during the silica
nanoparticle dip coating and varying the initial PVP layer thickness. To determine whether
agglomeration in solution was the only factor, PVP was added in small amounts directly to the
silica solution. The details of this experiment are shown in Table 4.4.

Table 4.4: Experimental Design for PVP Mediated Structures!
Run

PVP
Silica
Coating Coating

PVP Conc. in
Silica Solution

1
yes
Yes
None
(Control)
2
yes
Yes
None
3
yes
Yes
None
4
no
Yes
Low
5
no
Yes
High
(3 samples per run, 3 measurements per sample)

Dwell
Time
10s
60s
120s
10 s
10 s

The response of the surface structure of the silica nanoparticle films to the presence of a PVP
adhesion layer was analyzed using AFM as described in Section 4.1.1. The surface roughness,
bearing analysis, and qualitative structure of the film were used to propose a mechanism by
which the structure of the film is changed in the presence of PVP adhesion layers. This data was
also used to determine the relationship between surface structure and the optical property of the
coating. An FDTD optical model was utilized to further understand the interaction of light with
the surface structures and the corresponding optical properties.
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4.1.4. Broadband Device Level Antireflective Coatings
The unique optical properties of the silica nanoparticle film were examined for use in a dual
layer silicon nitride / silica nanoparticle antireflective coating at the device level. Achieving
broadband antireflection of this coating required optimization of both the silicon nitride and
silica nanoparticle film thicknesses. The silicon nitride film was deposited using plasma
enhanced chemical vapor deposition (PECVD). The silica nanoparticle film was then deposited
utilizing the deposition parameters determined by the experiments outlined in Section 4.1.2.
Table 4.5 details the samples tested in this experiment.

Table 4.5: Experimental Design for Dual Layer ARC!
SiNx Thickness
Silica NP Layer
(nm)
Thickness (nm)
1
70
100
2
70
150
3
70
200
(2 samples per run, 3 measurements per sample)

Run

The optical reflectance was characterized by coating bare silicon wafers and measuring the
optical properties of the coating. Active photovoltaic devices were then coated and the electrical
properties characterized to measure the performance increases due to the antireflective coating.
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4.2. Characterization Tools
4.2.1. Optical Characterization
To test the dependence of the optical properties of the nanoparticle silica film on the
processing parameters, a simultaneous transmittance and reflectance spectrophotometer (aRTie,
Filmetrics, Inc., USA) was used to measure the index of refraction (n) and the extinction
coefficient (k) of silica nanoparticle films on soda-lime glass substrates.
The index of refraction of a material as a function of wavelength is defined by a dispersion
formula. This relationship varies significantly for different material classes such as crystalline,
amorphous, semiconductor and metallic. The real and complex components of the index of
refraction are further related through Kramers-Kronig relationships. These relationships allow
the complex index of refraction as a function of wavelength to be expressed by a relatively small
number of constants (4 - 13).
The measured reflectance and transmittance spectra of the samples were used to calculate the
thickness and complex index of refraction of the deposited films. This was accomplished by
building a model in Filmeasure spectrophotometry software (Filmetrics, Inc., USA) using the
known optical constants of the substrate and the unknown thickness and optical constants of the
film. The software then solved for a fit to the reflectance and transmittance spectra by varying
the constants describing the index of refraction dispersion relationship and the film thickness.
The solution was then iterated 25 times to confirm the stability and uniqueness of the solution.
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4.2.2. Surface Wetting Characterization
The wetting behavior of silica nanoparticle coatings on glass is critical for the self-cleaning
and anti-fogging behavior desired for photovoltaic applications. In this work, the water contact
angle of each sample was measured using a water contact angle goniometer (OCA 15, Data
Physics Instruments GmbH, Germany). A single 3 µL droplet was dispensed from a needle
above the sample. While recording video at 25 frames per second, the sample stage was raised
until the droplet touched the sample surface. The stage was then held still and video of the
droplet spreading was captured for approximately 5 seconds after contact. The video was then
analyzed and the water contact angle one second after the drop contacted the sample was
measured.

4.2.3. Self-Cleaning Characterization
The optimized antireflective glass substrates were characterized for increased self-cleaning
ability inherited from the superhydrophilic nature of the silica nanoparticle coating. At the lab
scale, this was accomplished by depositing silicon carbide dust uniformly on the surfaces using
an environmental chamber (Figure 4.1) modeled after the work of Bhushan [37]. One gram of
silicon carbide powder (320 grit, Alpha Aesar) was placed in the mixing chamber and
compressed air (140 kPa) was supplied to the system for 30 seconds to generate airborne
particles in the chamber. The larger particles were allowed to settle on a cover plate for 2
minutes. The cover was then removed and the smaller airborne particles were allowed to settle
on the sample surfaces for 10 minutes. The samples were then carefully removed from the
environmental chamber.
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Figure 4.1: Diagram of environmental chamber used to contaminate samples for selfcleaning characterization.
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The extent of contamination of the samples was then evaluated using optical microscopy and
ImageJ image processing software [122]. The percentage area covered with silicon carbide dust
in the image was determined by calculating the dark area using ImageJ.
The samples were then rinsed with deionized (DI) water to simulate rainfall. Based on
empirical observations, flow rates of 48 ml/min and 72 ml/min were chosen to simulate light and
heavy rainfall respectively. The samples held at a 45 degree incline during spraying. The spray
diameter was controlled to 10 inches by varying the distance between the samples and the spray
head. The total sprayed volume was 12 and 18 ml for the light and heavy rainfall, respectively.
The optical imaging process was repeated for samples after rinsing with water to quantify the
removal of contaminants.

4.2.4. Surface Morphology Characterization
An atomic force microscope (AFM) (Dimension Icon, Bruker, USA) was used to
characterize the nano- and micro-scale features of the silica nanoparticle coatings. The imaging
methods included peak force tapping mode (ScanAsyst), tapping mode (TM), and peak force
quantitative nano-mechanical mapping mode (PFQNM). The resulting images were analyzed
using Bruker Nanoscope Analysis suite.
The three operational modes of the atomic force microscope are demonstrated in Figure 4.2.
In TM AFM, the piezo voltage is controlled to maintain constant damping of an oscillating probe
above the sample surface. In ScanAsyst and PFQNM modes, the tip is brought into contact with
the sample, creates a very small indentation, and then retracts. The forces correlating to the tipsurface interactions in the PFQNM are demonstrated in Figure 4.2 (c).
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(a)

(b)

(c)

Figure 4.2: (a) Tip-sample interaction in tapping mode AFM. The piezo voltage is
controlled to maintain constant damping of an oscillating probe above the sample surface.
(b) Tip-sample interactions in ScanAsyst and PFQNM modes. The tip is brought into
contact with the sample, creates a very small indentation, and then retracts. (c) Forcedistance curves created using PFQNM mode.
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The nanoscale roughness of the films was evaluated using TM AFM due to the high scan
rates and resolution achievable while also reducing the effects of tip wear and contamination. For
TM AFM imaging, extra-sharp silicon probes (RTESPA, Bruker, USA) were utilized. These
probes were found to give the highest feature detail while allowing scan rates of up to 1 Hz.
ScanAsyst and PFQNM modes were utilized to measure the force interactions occurring
between the tip and sample. For ScanAsyst and PFQNM modes, ScanAsyst-Air (Bruker, USA)
and silicon probes on nitride cantilevers (SNL, Bruker, USA) were utilized. The lower spring
constant of the SNL probes was found to allow repeatable measurement of the nano-newton
scale forces acting on the tip when in contact with the surface. Details of the tip geometry and
specifications are shown in Table 4.6.
4.2.5

Optical Modeling

Modeling of the optical properties of nanoparticle coatings on both glass and gallium
arsenide was conducted using a commercial finite-difference time-domain (FDTD) software
package (FDTD Solutions, Lumerical Solutions, Inc., Canada). Figure 4.3 shows a diagram of
the model design for a coating on glass. For normal incidence models, a broadband plane wave
source (BPWS) was utilized to allow calculation of reflectance at all wavelengths in a single
model solution. The BPWS was configured to consist of all wavelengths of light between 400
and 1050 nm. Source injection error for the model was measured to be less than 0.04% using this
configuration.
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Table 4.6: Tip Specifications [123]
Type

Material

Cantilever
Type
Single

Cantilever
Dimensions
RTESPA
Antimony
T: 4.5 -4.5 µm
doped Silicon
L: 115-135 µm
W: 30-40 µm
SNL
Silicon probe Triangular (a)
T: 600 nm
on nitride
L: 120 µm
cantilever
W: 25 µm
(b)
T: 600 nm
L: 205 µm
W: 40 µm
(c)
T: 600 nm
L: 120 µm
W: 20 µm
(d)
T: 600 nm
L: 205 µm
W: 25 µm
ScanAsyst-Air Silicon probe Triangular
T: 650 nm
on nitride
L: 115 µm
cantilever
W: 25 µm

Resonance
Frequency
326-347 kHz

Spring
Constant
20-80 N/m

65 kHz

0.35 N/m

23 kHz

0.12 N/m

56 kHz

0.24 N/m

18 kHz

0.06 N/m

70 kHz

0.4 N/m

A reflectance monitor was placed behind the BPWS to measure power reflected from the
sample. Since the net power flow in this setup was in the negative Z direction and reflected
power measured by the reflectance monitor was in the positive Z direction, the data reported by
the monitor was inverted prior to analysis.
Bloch boundary conditions were used in the X and Y directions to avoid glancing reflections
from the simulation boundary that plague perfectly matched layer (PML) boundary conditions.
PML boundary conditions are suitable in the Z direction since radiation is incident at near
normal angles.
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Figure 4.3: Diagram of the FDTD model design. Light is incident on the sample from a
BPWS. Reflectance is measured by a monitor placed behind the BPWS.
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CHAPTER 5
SELF-CLEANING AND ANTIFOGGING SILICA NANOPARTICLE FILMS
The main goal of this dissertation was to deposit silica nanoparticle films from aqueous
solution for self-cleaning and antireflective coatings. The goal of research in this chapter was to
develop a thorough understanding of the effect of dip coating parameters on the optical
properties and film morphology.

5.1. Overview
Self-cleaning and antifogging coatings could be used in outdoor solar installations to increase
the overall power output of the panels. When these coatings are used on the cover glass of the
solar panels, contaminants can be removed easily with rainwater and light is transmitted more
effectively in foggy weather. In this chapter, superhydrophilic silica nanoparticle films that
exhibit both self-cleaning and antifogging abilities were explored.

5.2. Mechanisms for Self-cleaning
Self-cleaning coatings could be used on the glass used as a protective covering in the
packaging of solar panels. These coatings must be also highly transparent and resilient to
environmental exposure. In literature, many different types of self-cleaning surfaces are reported.
These surfaces can be broadly grouped into three categories: superhydrophobic surfaces,
photocatalytic surfaces, and superhydrophilic surfaces. These groups of coatings are discussed
briefly in the following sections, or a more thorough discussion can be found in Section 3.2.

59

5.2.1. Superhydrophobic Surfaces
The most common type of self cleaning surfaces in literature are those modeled after the
lotus leaf, which is superhydrophobic with a water contact angle of about 160°and a sliding
angle of 2° - 4° [22], [31], [50], [58], [59], [63]. When water contacts the lotus leaf’s
superhydrophobic surface, a nearly spherical droplet is formed that is able to roll off of the
surface and remove contaminants in its path [50], [59]. This self-cleaning ability is maintained
by the lotus plant’s ability to replenish the waxy top coating through biological processes.
Current biomimetic surfaces have not been successful in replicating this behavior and suffer
from degradation of the wetting properties over time [31]. In addition, the rough surface
topography that is required by superhydrophobic surfaces often reduces the transparency
required in solar panel applications.

5.2.2. Photocatalytic Surfaces
The self-cleaning ability of films containing photocatalytic nanoparticles such as titanium
dioxide [28]–[30] has also been widely reported. These particles catalyze the oxidation of
contaminants when irradiated with ultraviolet light. However, these semiconducting
nanoparticles have a high index of refraction which results in an undesired increase in the index
of refraction of the coating material. This results in a loss of effectiveness of the material when
used in antireflective applications [26], [29]. Therefore, a tradeoff exists between the coatings
ability to transmit light, and its ability to self-clean.
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5.2.3. Superhydrophilic Surfaces
Silica nanoparticles have been used extensively in surface coatings for a broad range of
applications. The use of silica nanoparticles to form superhydrophilic and antireflective films
with increased optical transmittance has been reported by multiple groups [23], [58], [65], [66],
[75], [82], [89]. These coatings have relied on layer-by-layer type deposition methods [58], [66],
[75] or are deposited from a sol-gel precursor using spin or dip coating [23]. The
superhydrophilic nature and antireflective properties of these nanoparticle coatings both arise
from the porosity of the film. This allows for an optimization of both wetting properties and
optical properties without any tradeoffs.
Superhydrophilic surfaces have been found in practical use to clean better and maintain their
properties longer than superhydrophobic surfaces [27]. In this chapter, a superhydrophilic
coating deposited from an aqueous solution of silica nanoparticles that is both self-cleaning and
antireflective is reported.

5.2.4. Quantitative Analysis of Self-cleaning Ability
Much research has been conducted on the self-cleaning ability of surfaces [16], [19]–[22],
[24]–[26], [28]–[31], [36], [37], [71], [73], [77], [78]. However, to date a standardized method of
testing the self-cleaning ability of surfaces has not been established. In this chapter, we adopt a
method presented by Bhushan et al. [37] and explained in Section 4.2.3.
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5.3. Antifogging Surfaces
The antifogging characteristic of superhydrophilic surfaces is due to the rapid spreading of
water droplets on the surface. Therefore, when water condenses on the surface it forms a flat
optical film instead of a multitude of spherical droplets that diffuse incident light. This
comparison is shown in Figure 5.1.

5.4. Experimental
Soda lime glass microscope slides (Ted Pella, Inc., USA) were used as substrates for
deposition of nanoparticle films by dip coating. The cleaning process consisted of sequential
ultrasonication of the slides in acetone, isopropyl alcohol (IPA), and deionized (DI) water for 20
minutes each. Nitrogen gas was then used to dry the slides. SNOWTEX© aqueous colloidal silica
nanoparticle solution was purchased from Nissan Chemical (USA) and diluted from 20 wt%
SiO2 to 5, 2.5, and 1.25 wt% concentrations by the addition of DI water. The solutions were then
stirred vigorously for 5 min using a magnetic stir bar to ensure good dispersion. For this process,
no further additives were used. The as-received solution had a pH value of 10.0. The diluted
solutions had pH values of 9.8, 9.7, and 9.6 for 5, 2.5, and 1.25 wt% SiO2, respectively. The
published data from Nissan Chemical indicated the diameter of silica nanoparticles is 18–25 nm
by the dynamic light scattering method; however, SEM and AFM measurements showed that the
particles were closer to 50 nm in diameter after being deposited on the substrate.
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Figure 5.1: Interaction of light with condensed water on the surface of (a) uncoated glass
and (b) superhydrophilic coated glass.
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Silica thin films were deposited on both sides of glass substrates by dip coating into the
diluted colloidal silica solution under ambient conditions. Withdrawal speed s of 1, 10, 50, and
80 mm/min were used in order to determine the effect of dipping speed on the thickness and
uniformity of the coatings. The silica coated slides were dried immediately at 120 °C for 2 min
in a furnace to remove all moisture from the coating and then cooled slowly to room
temperature. All prepared films demonstrated good adherence to the glass substrates and could
only be removed by scraping with tweezers.

5.5. Characterization of Films
The optical transmittance, water contact angle (WCA), self-cleaning ability, and antifogging
characteristics of the samples were characterized as described in Chapter 4. The film thickness
was measured by first scratching the coating using sharp tweezers and then measuring the step
height using a contact profilometer (DekTak 150, Bruker, USA). The step height was measured
using automatic step height detection in a 1.5 mm2 map that contains both uncoated and coated
areas. The topography of the films was examined using atomic force microscopy and scanning
electron microscopy. The AFM scans were taken in tapping mode with a silicon probe
(RTESPA, Bruker, USA) at a scan rate of 1 Hz. Prior to imaging in SEM, the samples were
sputtered with a thin layer of gold to reduce charging.
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5.5.1.

Film Thickness and Surface Topography
The silica nanoparticle film thickness as a function of dipping speed and silica

concentration in the solution is shown in Figure 5.2. For low concentrations of 1.25 wt% and 2.5
wt%, the film thickness remains approximately 50 nm regardless of the dipping speed. This was
on the order of the size of a single silica nanoparticle, indicating that a monolayer of particles
was being deposited. In sample variation was found to be between 10 - 30 nm for all samples.
SEM images of the surface Figure 5.3 (a) and (c) clearly indicated that the surface was
not fully covered with nanoparticles due to the low silica concentration. However, when the
silica concentration in solution was increased to 5 wt%, the thickness of the film as a function of
dipping speed increased as expected in a dip coating process. Correspondingly, the uniformity of
the surface as viewed with SEM was much improved with complete coverage of the glass
substrate as shown in Figure 5.3 (b) and (d). This suggested that, at higher concentrations, the
withdrawal speed controlled the number of particle layers deposited on the sample surface. These
layers were clearly visible in the cross SEM cross section shown in Figure 5.3 (e).
The coating surface was further studied using AFM. Figure 5.4 (a) and (b) show largearea (80 x 80 micron) scans of silica nanoparticle films deposited from 5 wt% silica solutions at
10 mm/min and 80 mm/min respectively. It was seen that at low dipping speed the film was noncontinuous and large portions of the surface remained uncoated. Figure 5.4 (c) and (d) and
Figure 5.3 (a) and (b) are of similar scale and show good agreement in the surface topography of
samples dipped at 10 mm/min. It was also apparent from Figure 5.4 (e) that the particle size was
uniform and that the particles were approximately 50 nm in diameter. This particle size was
consistent with observations from SEM imaging.

65

Figure 5.2: Film thickness versus dipping speed for various concentrations of colloidal
silica solution.
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2.5 wt%, 10 mm/min

5 wt%, 80 mm/min

2.5 wt%, 10 mm/min

5 wt%, 80 mm/min

Silica nanoparticles
Glass

Figure 5.3: SEM surface topography of silica films deposited with (a) 2.5 wt% silica
solution at withdrawal speed of 10 mm/min creating a patchy film; and (b) 5 wt% silica
solution at withdrawal speed of 80 mm/min creating a full film. Higher magnification
images of (c) patchy and (d) uniform films. (e) Cross-section of a typical film deposited at
80 mm/min from 5 wt % silica solution.
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Figure 5.4: 80 x 80 micron and 10 x 10 micron AFM topography measurements for films
deposited from 5 wt% silica solution at (a and c) 10 mm/min and (b and d) 80 mm/min. (e)
1 x 1 micron scan showing individual particles.
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5.5.2. Superhydrophilicity
The water contact angle of the silica nanoparticle coated glass samples was characterized
using a water contact angle goniometer (OCA 15, Data Physics Instruments GmbH, Germany).
The deposited films demonstrated water contact angles of less than 10° within 1 second of drop
contact, which satisfied a common definition of superhydrophilicity. The superhydrophilic nature
of the surface was due to the wicking effects caused by capillary forces acting in the pores of the
coating and an abundance of hydroxyl groups on the large surface area of the silica nanoparticles
[23]. These hydroxyl groups readily accepted hydrogen bonding with water and contributed to
the rapid spreading of the droplet on the surface.
One of the design considerations for coatings in the solar industry is that the film must
maintain its wetting properties over the life of the solar panel. The samples were stored under
ambient conditions and the water contact angle was monitored for over 150 days. It was found
that the water contact angle initially experienced a slight increase and then stabilized at
approximately 10° as shown in Figure 5.5 (a), while the water contact angle of the bare glass
increasesd to around 30°.
5.5.3.

Antifogging

Fog occurs on a surface due to the condensation of small water droplets, which scatter
incident light and result in a loss of transparency of the surface. A characteristic property of
superhydrophilic surfaces is the antifogging property. As water droplets are condensed on the
surface, the superhydrophilicity creates a thin transparent film of water instead of droplets. This
liquid film does not scatter light as severely, thus the transparency is preserved. This effect is
clearly shown in Figure 5.5 (b) where the right half of the glass slide is superhydrophilic.
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(a)

(b)

Figure 5.5: (a) Water contact angle as a function of time for both bare and coated glass.
(b) Antifogging of superhydrophilic coated glass (right side).
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5.5.4.

Self-cleaning

The self-cleaning properties of the silica nanoparticle films were quantitatively evaluated
using the method described in Section 5.2.4. Samples of both coated and bare glass microscope
slides were placed in an environmental chamber and contaminated with silicon carbide dust. The
samples were then evaluated by optical microscopy before and after rinsing to determine the
percent area of the surface that was covered with contaminants. These samples were then rinsed
with a spray of DI water. Figure 5.6 shows contaminants on a superhydrophilic coated (a and b)
and a bare glass (c and d) slide before and after rinsing. It was seen that, after light rinsing, the
superhydrophilic surface (b) had much less contamination remaining on the surface than the bare
glass surface (d). The quantitative results are plotted as the percentage of contaminants removed
from the surface under different rinsing conditions in Figure 5.6 (e).
The superhydrophilic surface was found to exhibit self-cleaning ability under both light and
heavy rinsing conditions. The incident water formed a film across the surface that flowed rapidly
toward the sample edges, carrying contaminants away from the surface. The results of this study
indicated that under light raining conditions the coated samples removed nearly twice as many of
the contaminant particles as the uncoated samples. It was also shown that uncoated glass
experienced “water-spotting” or localization of the contaminants. This accounted for the large
standard deviation in the percentage of contaminants removed from bare glass during light
raining conditions. In this process, the contaminants were localized at the edge of droplets on the
surface and formed large deposits as shown in Figure 5.6 (d). For superhydrophilic samples,
there was no noticeable localization of contaminants, as shown in Figure 5.6 (b), which led to the
conclusion that these surfaces were resistant to the formation of water-spots.
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(e)

Figure 5.6: Optical images of contaminants on superhydrophilic surface versus bare glass
surface: (a) superhydrophilic surface after contamination, (b) superhydrophilic surface
after light rinsing, (c) bare glass after contamination, and (d) bare glass after light rinsing.
(e) The percentage of contaminants removed by light and heavy raining conditions for bare
glass and superhydrophilic coated glass.
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5.5.5. Optical Characterization
The transmittance of films deposited from 5, 2.5 and 1.25 wt% silica solutions was measured
using a spectrophotometer (HP Agilent 5453). The transmittance spectra of films at each of these
concentrations dipped with an 80 mm/min withdrawal speed are shown in Figure 5.7 (a). It was
found that both the wavelength of maximum transmittance and the overall increase in
transmittance were strongly dependent on the concentration of silica in the coating solution, with
samples coated from 5 wt% silica solution providing the highest average transmittance. This
corresponded well with film thickness data that indicated that an ideal film thickness (100-150
nm) could only be achieved with the 5 wt% solution. Samples dipped in 5 wt% silica solution
showed an average increase in transmittance of greater than 5% over the wavelength range of
550-1100 nm compared to that of the bare glass sample. The glass slides coated with 2.5 and
1.25 wt% silica solutions showed only moderate increases in transmittance, with a larger
increase for the former.
The dependence of the optical transmittance on the deposited film thickness was also
investigated. Figure 5.7 (b) shows the optical transmittance spectra of films deposited from 5 wt%
silica solutions at withdrawal speeds of 1, 10, 50, and 80 mm/min. As expected, the
transmittance varied with withdrawal speed due to the associated change in film thickness. With
lower withdrawal speeds that form a patchy monolayer, the transmittance spectra aligned very
closely with that of the bare glass. It was noted that at these low speeds or low concentrations the
wavelength of maximum transmittance did not correlate well with the film thickness data due to
this patchy coverage. The full film formed with higher speeds and concentrations exhibited
transmittance improvements of greater than 4% with the wavelength of maximum transmittance
determined by the film thickness.
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(a)

(b)

Figure 5.7: (a) Transmittance spectra of glass coated with films deposited from 1.25, 2.5,
and 5 wt % silica solutions at 80 mm/min. (b) Transmittance spectra of glass coated with
films deposited at 1, 10, 50, and 80 mm/min from 5 wt % silica solution.
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The solar transmittance of this sample was calculated for the wavelength rage 350 – 1100 nm
with AM 1.5 weighting. Table 5.1 shows the solar transmittance of samples processed under
each of the studied conditions. As expected from Figure 5.7 (b), the solar weighted
transmittances of 5 wt% 50 and 80 mm/min samples were very similar. Samples dipped at 80
mm/min were chosen for additional study due to the repeatability and uniformity observed
during processing.

Table 5.1: Solar Transmittance of Silica Nanoparticle Coated Glass
Silica
Solar Transmittance, Improvement
Dipping Speed
Concentration
350-1100 nm
over bare glass
(mm/min)
(wt %)
(%)
(%)
bare glass

-

90.21

1.25

1

90.19

-0.02

1.25

10

90.25

0.04

1.25

50

90.61

0.44

1.25

80

90.53

0.35

2.50

1

89.65

-0.62

2.50

10

90.88

0.74

2.50

50

92.25

2.26

2.50

80

92.43

2.46

5.00

1

93.64

3.8

5.00

10

92.04

2.02

5.0

50

94.74

5.02

5.00

80

94.54

4.80
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The Fresnel equations predict that an ideal antireflective coating at an air-glass interface
should have an index of refraction of n = 1.23 [75], [124], [125].This low index of refraction is
achievable using a nanoparticle film due to the presence of porosity that lowers the bulk index of
refraction [29], [75], [82], [89]. The antireflective property of the samples coated with the silica
nanoparticles is shown in Figure 5.8 (a). The measured reflectance spectra in Figure 5.8 (b)
shows that the reflectance was reduced to below 1% between the wavelengths of 625 and 925 nm.

5.6. Summary
In this work, a simple silica nanoparticle film that exhibited self-cleaning and antifogging
properties due to the superhydrophilicity of the coating was demonstrated. The coated surface
was found to remove twice the amount of contaminant particles than bare glass under light
wetting conditions. The increase in self-cleaning ability in light raining conditions was a
promising result for outdoor applications, since available water for rinsing may be limited to
light rain events.
The coating resulted in an average increase in transmittance of soda-lime glass substrates of
greater than 5% over the wavelength range of 550 – 1100 nm. This resulted in a 4.8% increase of
the solar transmittance between 350-1100 nm.
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(a)

(b)

Figure 5.8: (a) Optical image of a partially coated glass slide where light is strongly
reflected from the bare side (left) and very little light reflects from the coated portion
(right). (b) Reflectance spectra of bare and coated glass demonstrating the reduction in
reflectance.
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CHAPTER 6
PVP MEDIATED NANOSTRUCTURED SURFACES
The previous chapters of this dissertation focused on the deposition and characterization of
silica nanoparticle films from aqueous solutions. The goal of the research in this chapter was to
improve the large-scale uniformity of these coatings by utilizing a PVP polymer adhesion layer
and characterize additional surface features that occurred due to the use of the adhesion layer.
6.1. Overview
Single layer antireflective films on glass using porous silica coatings with an index of
refraction of approximately n = 1.23 have been widely reported in literature [23], [25], [56], [58],
[62], [63], [66], [77], [83], [126]–[131]. A method to deposit these films via aqueous dip-coating
was established in Chapter 5 and has been reported in the literature [24]. However, these films
suffered from two significant issues. First, edge effects on small (1” x 1”) samples covered a up
to 50% of the substrate area. This led to a large portion of the sample area having varying
thicknesses and optical properties. Second, the minimal reflectance for these films could only be
optimized at a single wavelength.
These issues were addressed by experiments described in this chapter. The introduction of a
PVP polymer adhesion layer was investigated as a method to reduce edge effects during coating.
The optical properties of these coatings were characterized using spectrophotometry and
correlated to the surface roughness and bearing area curves measured using atomic force
microscopy (AFM).
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6.2. Mechanisms to Increase Uniformity
At a full-scale production level, large sheets of glass must be coated quickly, cheaply, and
uniformly. As shown in Chapter 5, deposition parameters play a significant role in the micro-and
nanoscale uniformity of the coating. At the macro scale, edge-effects play a significant role in
the overall coating uniformity. For example, the uniformly coated area of a 1 inch by 1.5 inch
sample used in this study was only ~40% of the total coated area.
Many attempts were made to improve the edge-to-edge uniformity of the coating. The
removal of surface contamination through rigorous cleaning procedures and acid treatment of the
glass was attempted with limited success. A solution was found in the use of a PVP polymer
adhesion layer.

6.2.1. Removal of Surface Contamination
From experience gained in the lab, the cleanliness of the substrate prior to coating is a key
factor in the uniformity of the final coating. The main contaminates expected on the glass surface
are either organic or particulate in nature. Multiple cleaning processes were experimented with
including ultrasonication in methanol, trichloroethylene, acetone, isopropyl alcohol, and
deionized water and multiple combinations of these steps. It was found that sonication in
methanol was sufficient to reduce the appearance of “pin-holes” in the coating that resulted from
particulate contaminants. However, even rigorous cleaning in each of the solvents wasn’t
sufficient to reduce to edge-to-edge uniformity issues.
Acid and oxygen plasma treatment of the surfaces prior to coating was then examined as a
method to alter the surface energy to allow the coating to spread more evenly across the substrate
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during coating. These methods resulted in a small increase in uniformity; however significant
edge-effects still remained.

6.2.2. Adhesion Promoting Polymer Layers
Another method to improve the edge-to-edge uniformity of the coating is to provide an
intermediate polymer layer that adheres well both to the substrate and the nanoparticle coating.
Suitable polymers must have an index of refraction very similar to glass and be solution
processable. A list of some ideal polymers is shown in Table 6.1.
Of these polymers, PVP was chosen due to its high solubility in water and all organic
solvents, which facilitated easy deposition by dip, spray, or roll coating. PVP was also low cost
(~$0.10/gram), and readily available due to its wide use in coating applications. The index of
refraction of PVP (n = 1.48) [132] was also very close to that of glass (n = 1.5).

Table 6.1: Suitable Polymers for Adhesion Layer
Index of
Refraction
1.47
1.49
1.5
1.5
1.49
1.4-1.54
1.5
1.5
1.48

Polymer
Ethylene-vinyl acetate (EVA)
Poly(methyl methacrylate) (PMMA)
Polyamide
Polyethylene (PE)
Polypropylene (PP)
Polysiloxanes
Polystyrene (PS)
Polyvinyl alcohol (PVA)
Polyvinylpyrrolidone (PVP)
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Solution
Processable?
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

6.3. Deposition of PVP Adhesion Layer
Silica nanoparticle films with PVP adhesion layer were deposited by first dip coating the
glass substrates in a 1 wt% PVP (40,000 MW, AMRESCO, USA) in methanol solution. The
methanol evaporated very quickly from the coated surface leaving a 30 nm thick PVP layer on
the glass substrate. The silica nanoparticle layer is then deposited by dip coating in a 5 wt%
colloidal silica nanoparticle solution. The samples were then dried at a temperature of 140°C to
remove any residual water from the coating. This process and the resulting film structure is
shown in Figure 6.1 The dipping speed in PVP solution was chosen to be either 10 or 50
mm/min to deposit to different thicknesses of the adhesion layer. The dipping speeds in silica
solution were chosen to be 10, 50, and 80 mm/min to determine the coating thickness that
provides the best optical performance.
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(a)

(b)

Figure 6.1: (a) Process flow for depositing silica nanoparticle films with PVP adhesion
layer, (b) film structure that results from the process flow.
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6.4. Investigation of Coating Parameters
The optical transmittance of the silica nanoparticle coatings with PVP adhesion layer was
measured for 3 samples of each processing condition. The average transmittance spectra are
shown in Figure 6.2 (a). The best optical performance was seen from samples processed with a
10 mm/min dipping speed in silica solution. The data also confirmed that the wavelength of
maximum transmittance was determined by the silica solution dipping speed and was not
dependent on the PVP dipping speed. This indicated that the original thickness of the PVP
coating did not impact the final film thickness.
For each processing condition, the transmittance spectra of the best performing samples are
shown in Figure 6.2 (b). For each silica dipping speed, the best performance was achieved with
PVP adhesion layers that had been deposited at 50 mm/min. The best performing sample
processed with 50 mm/min PVP dipping speed and 10 mm/min silica dipping speed
demonstrated a solar weighted transmittance of 97.42% with a peak transmittance of 99.50% at
608 nm wavelength. The solar transmittance values for three samples of each combination of
processing conditions are shown in Table 6.2.
Table 6.2: Solar Weighted Transmittance of PVP/SiO2 Films
PVP
Dipping
Speed
(mm/min)
10
10
10
50
50
50

SiO2
Solar
Solar
Solar
Average Solar
Dipping Transmittance Transmittance Transmittance
Transmittance
Speed
Sample 1
Sample 2
Sample 3
(%)
(mm/min)
(%)
(%)
(%)
10
97.24
95.64
95.30
95.99
50
91.80
91.96
93.11
92.29
80
93.07
91.68
93.65
92.80
10
95.71
94.07
97.42
95.73
50
92.65
93.00
93.12
92.93
80
91.32
91.72
93.58
92.21
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(a)

Figure 6.2: (a) Average transmittance spectra for each combination of PVP and silica
dipping speeds. (b) Comparison of the best performing sample from each of the processing
conditions.
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6.5. Characterization of Surface Topography
AFM was utilized to measure the surface topography of the silica nanoparticle films with and
without PVP adhesion layers. For this study, the surface topography of the silica nanoparticle
films and PVP/silica films deposited with the same silica dipping speed were examined. The
resulting optical properties of these samples are modeled in Chapter 7 to determine the link
between surfaces topography and optical transmittance.
The surface topography scans are shown in Figure 6.3 (a) and (b). The use of a PVP adhesion
layer results in a rougher surface as is highlighted by the line scans in Figure 6.3 (c). The
maximum peak-to-valley distances for silica only films and PVP/silica films were measured to
be 86 nm and 115 nm, respectively. It was also found that the distance between peaks increased
from around 50 nm to approximately 200 nm for the PVP/silica films. This analysis indicated
that the surface was not only distributed over a larger range of heights, but is also exhibited
nanostructures formed from the agglomeration of multiple particles.
The bearing ratio curves were also used to further understand the relationship between the
optical properties and surface topography of these samples. The bearing ratio is defined as the
ratio of solid area to total area at a specific depth cross-section of the film as shown in Equation
6.1, where Ry is the bearing ratio, Asolid is the solid area in the cross section, and Avoid is the void
area in the cross section. The bearing ratio curves for silica and PVP/silica films are shown in
Figure 6.4. The PVP/silica demonstrated a more gradual slope in bearing curve around the
origin. This indicated that the transition from air (n = 1) to coating (n = 1.23) occured over a
longer distance, resulting in a “moth-eye” type behavior.

85

(a)

(b)

(c)

Figure 6.3: Surface topography measured by AFM for (a) silica only films and (b) silica
films with PVP adhesion layer. (c) Line scans of silica only (top) and PVP/silica films
(bottom).
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Figure 6.4: Bearing ratio curves for silica only and PVP/silica nanoparticle films.
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𝑅𝑦 =

𝐴𝑠𝑜𝑙𝑖𝑑
𝐴𝑠𝑜𝑙𝑖𝑑 + 𝐴𝑣𝑜𝑖𝑑

(6.1)

It was expected that this moth-eye type surface helped to reduce the reflectance of light at the
initial air-coating interface, resulting in the greater overall solar transmittance measured for silica
films with a PVP adhesion layer. The expectation was that this roughness would play an even
greater role at higher angles of incidence. This hypothesis was investigated further using optical
modeling and is discussed in Chapter 7.
6.6. Mechanism for PVP Enhancement
An experiment was conducted to determine the mechanism of increased uniformity of the
silica nanoparticle coating with PVP adhesion layer. This experiment was formulated to address
two fundamental issues – the impact of the second dipping process on the PVP layer and the
interaction of PVP with the silica nanoparticles. These issues are addressed in the sections below.
6.6.1. PVP Layer during Silica Dip Coating
Two sets of samples with different initial PVP layer thickness were created by dip coating
glass microscope slides in 1 wt% PVP in methanol solution with dipping speeds of 10 and 50
mm/min. The PVP coated slides were then dipped in 5 wt% silica solutions at rates of 10, 50,
and 80 mm/min. The thickness of the deposited coating was measured by fitting the
transmittance and reflectance spectra. A composite solver recipe was utilized to simultaneously
fit 9 spectra (3 measurements each from 3 samples) from slides coated with each processing
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condition. This method reduced errors in the fitting processes caused by noise or imperfections
in the surface. The thicknesses of each deposited coating are shown in Table 6.3.
Table 6.3: Thickness of PVP/SiO2 Films in Nanometers

Silica Dipping Speed
(mm/min)

PVP Dipping Speed
(mm/min)
10
50
10

140 nm

146 nm

50

273 nm

281 nm

80

358 nm

349 nm

From these measurements it was apparent that the initial PVP film thickness did not affect
the final coating thickness. PVP is highly soluble in water, therefore the bulk PVP polymer film
dissolved when the substrate was submersed in the silica solution. While this result gives some
evidence to what happens to the PVP layer during processing, further study is required to
determine the mechanism by which film uniformity is increased.

6.6.2. AFM Adhesion Measurements
The adhesion forces occurring at the sample surface were measured using AFM as described
in Section 4.2.4. A silicon probe on a nitride cantilever (SNL-D, Bruker, USA) was selected due
to its low spring constant (k = 0.06). While this extremely low spring constant made
topographical imaging more difficult, it resulted in high resolution of the tip interaction forces in
PFQNM mode.
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An experiment was conducted where the adhesion forces were measured for bare glass, glass
coated with PVP, and PVP coated glass after being dipped in deionized water at 10 mm/min to
replicate the second silica dip. The PVP film thickness before and after dipping was also
measured.
A small amount of PVP film was removed from the glass substrate using sharp tweezers and
the step-height was measured using a surface profilometer. It was found that the initial film
thickness of PVP deposited on the glass substrates was 30 nm. After rinsing with water the film
thickness was too thin to be measured since a scratch to remove the coating for step-height
measurements could not be located for imaging. From these results, it appeared that the PVP
layer completely dissolved in the water during dipping and was removed from the surface.
In an average of 3 measurements, the adhesion forces between the tip and the surface were
measured to be 7.4 nN for bare glass, and 11.1 nN for PVP coated glass. After rinsing with DI
water, the adhesion force between the tip and PVP coated glass remained at 11.1 nN. The AFM
adhesion data is shown in Figure 6.5.
6.6.3. Proposed Mechanism
Considering the film thickness and adhesion data obtained in the previous experiments, it
was determined that the bulk of the PVP layer dissolved into the silica solution during the second
dipping process. However, a thin layer of PVP remained strongly adhered to the surface of the
glass and acted as an adhesion promoter. The preferential deposition of nanoparticles on the PVP
coated surface resulted in the random formation of nanostructures of grouped silica
nanoparticles.
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(d)

Figure 6.5: Adhesion force maps of (a) bare glass, (b) PVP coated glass, and (c) PVP coated
glass after rinsing in water. (d) Average adhesion and individual adhesion measurements
for each sample condition.
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6.7. Thermal Removal of PVP
Thermal removal of the PVP polymer was achieved by heating the coated glass substrates in
a furnace to 300, 500, and 700°C. The optical transmittance was measured for 3 samples heated
to each temperature. After heating, the optical transmittance was unchanged. This indicated that
there was no change in the density or thickness of the film as a result of heat treatment.
From literature, the degradation of PVP begins at around 390 °C and is completed by 450 °C
[133]. Since no changes in the film optical properties were seen even when heated to 700 °C, it
was determined that the quantity of PVP remaining in the film after dip coating was small
enough to not contribute to the bulk properties of the film.
The pencil hardness was found to be only 9B for all of the films. It is anticipated that in order
to increase durability, annealing temperatures in the range of 800 - 1200 °C will be required
[134] . At these temperatures, surface fusion of the particles occurs and creates a denser more
mechanically robust film. This will also result in a change in the effective index of refraction of
the film.

6.8. Packaging of a PV Device
The increased solar transmittance achieved with a PVP/silica antireflective coating on glass
is applicable to the glass that is used to package solar panels. In this application, the increase in
transmitted light translates directly to increased power output.
A high-efficiency silicon solar cell was packaged behind bare glass and coated glass and the
current-voltage characteristics were measured. The current-voltage curves are shown in Figure

92

6.6. The efficiency, open circuit voltage, and short circuit current are shown in Table 6.4. The
improvement in each parameter when coated glass was utilized was calculated relative to the
value measured behind bare glass. The short circuit current increased by 4.37% and the
efficiency increased by 4.42% when utilizing the PVP/silica antireflective coating. This
corresponded to a recovery of 50% of the lost power output due to packaging with bare glass.

Table 6.4: Electrical Characteristics of Packaged PV Cells.

Bare Cell
Bare Glass
Coated
Improvement

Jsc (mA)
38.36
35.42
36.97
4.37%

Voc (mV)
642.27
640.00
641.23
0.19%
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Efficiency
(%)
19.19
17.63
18.41
4.42%

Figure 6.6: Current-voltage curves of PV cells packaged with no coverglass, with bare glass, and with coated glass.
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6.9. Summary
In this chapter, PVP was used as an adhesion layer to address film uniformity issues
described in previous chapters. It was found that the PVP layer also resulted in the formation of a
nanostructured coating surface that created a moth-eye type antireflective effect. The maximum
solar transmittance achieved in these samples was 97.4%.
High-efficiency silicon solar cells were packaged with bare glass and with coated glass. It
was observed that the increase in optical transmittance led to a 4.4% relative increase in both the
short circuit current and the conversion efficiency. The cell packaged with the PVP/silica coated
glass was found to recover 50% of the losses associated with bare glass packaging.
The pencil hardness of the coatings was found to be 9B for coatings regardless of heat
treatment temperature. It is expected that annealing at temperatures greater than 800 °C will be
required to increase durability of the coating.
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CHAPTER 7
FDTD MODELING OF NANOPARTICLE FILMS
In Chapter 6, the surface topography of silica nanoparticle films with and without a PVP
adhesion layer was measured using atomic force microscopy. The increase in surface roughness
for the films with PVP adhesion layers was credited for the increase in the solar transmittance of
the films. The goal of research in this chapter was to use optical modeling to quantify this
improvement at normal incidence, and explore how surface roughness impacts solar
transmittance at non-normal angles of incidence.

7.1. Overview
The finite-difference time-domain method was first proposed in 1966 by Kane S. Yee [135].
The method provides a discrete solution to Maxwell’s equations based on central difference
approximations to both the space and time derivatives of the curl equations. The method went
unused for many years due to the large number of field quantities that must be kept in memory.
However, with the recent advances in parallel computing and memory devices, even massive
models can be solved quickly.
FDTD modeling is a powerful tool for investigating the interactions of light with nanometer
scale structures. Due to the finite-difference nature of the solution, any surface can be modeled,
unlike coupled wave analysis (CWA) which requires periodicity of the surface structures.
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7.2. Model Design
FDTD modeling was chosen to evaluate the optical properties of nanostructured coatings for
its easy handling of complex surface structures. A commercial software package (FDTD
Solutions, Lumerical Solutions, Inc., Canada) was used to conduct the modeling work.
A diagram of the model design is shown in Figure 7.1. A plane wave source (PWS) is
utilized to inject light of a specified wavelength at a specified angle of incidence. For this
application, using a broadband PWS was not possible due to the injection error that occurs at
non-normal angles of incidence. Instead, a script file was utilized that ran single wavelength
measurements from 350 – 1050 nm in 5 nm increments. The angle of incidence was also varied
from 0 to 60 degrees in 20 degree increments. A sample script file is provided in appendix A.
Since a single sided coating model was used to to represent a double side coated sample,
three monitors were required. A reflectance monitor was placed behind the PWS to measure
power reflected from the sample. The power flow in this monitor was negative and was inverted.
A transmittance monitor was placed at the interface of the coating with the glass substrate to
measure the amount of power transmitted through the coating. An additional transmittance
monitor was placed 5 microns deep in the glass substrate to measure the amount of power in the
absorbing glass layer. The equation utilized to calculate the equivalent dual-sided coating

transmittance from the model results is shown in Equation 7.1, where R was the measured

reflectance, T1 was the transmitted power at the coating and glass interface, and T2 was the
transmitted power 5 microns deep in the glass substrate.
𝑇 = 1 − 2𝑅 − (𝑇1 − 𝑇2)
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(7.1)

Figure 7.1: Diagram of the FDTD model design. Light is incident on the sample from a
PWS. Equivalent dual sided transmittance is calculated using a combination of
transmittance and reflectance monitors.
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Bloch boundary conditions were used in the X and Y directions to avoid glancing reflections
from the simulation boundary that plague perfectly matched layer (PML) boundary conditions.
The number of PML layers in the z direction was increased to 128 in order to reduce reflections
at high angles of incidence.
The surface roughness of the coated glass samples was imported into the model directly from
the AFM measured topography. The AFM topography and model surface are shown in Figure
7.2. The zero level of the surface was defined as the average height of the scan. The thickness of
the coating in the model was defined as the distance from the glass substrate to this zero level.
To model coatings of various thicknesses, the surface topography was held constant while the
thickness of the coating was varied. For example, 70 and 150 nm thick textured films in the
model had identical surface topography, directly imported from the AFM measurements.
However, the average height of the surface was located at different levels above the substrate.
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Figure 7.2: Comparison of the AFM measured surface topography (top) and the model
surface (bottom).
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7.3. Material Constants
The complex index of refraction of the silica nanoparticle coating was measured by fitting
the transmittance and reflectance spectra obtained using a simultaneous reflectance and
transmittance spectrophotometer. A composite solver recipe was utilized to simultaneously fit 9
spectra (3 measurements from 3 samples) from slides coated with PVP and silica dipping speeds
of 50 and 10 mm/min, respectively, as developed in Chapter 7. This method reduced errors in the
fitting processes caused by noise or imperfections in the surface. The index of refraction as a
function of wavelength is shown in
Figure 7.3 (a). The extinction coefficient of the coating was found to be 0 in the wavelength
range of interest.
The index of refraction for the soda lime glass substrates was taken from the materials
database provided with the spectrophotometer [136]. The absorbance of glass substrates was
measured experimentally and imported into the model. However, the thickness of the glass slides
was too large to incorporate efficiently into the model due to the fine mesh size required. Instead,
the absorbance of the glass was scaled using Equation 3.8 to give identical absorbance as the 3
mm thick glass slide with the 5 micron slice utilized in the model. The index of refraction and
scaled extinction coefficient are plotted in Figure 7.3 (b).
Since the models run were single-wavelength models, the material fit was exact for each
wavelength. Therefore, while the computation time was increased using this method, the overall
accuracy of the model was improved.
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(a)

(b)

Figure 7.3: (a) Measured index of refraction and extinction coefficient for the silica
nanoparticle coating. (b) Measured index of refraction and extinction coefficient for the
glass substrate.
*Extinction coefficient was scaled for 5 micron model substrate.
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7.4. Results
A comparison of the model results at normal incidence to the measured transmittance for
both bare glass and coated glass is shown in Figure 7.4. The modeled and measured
transmittance spectra for bare glass matched within 0.5%. This indicated that the model was
designed correctly and that the material constants utilized by the modeling software accurately
represented the optical properties of the materials.
The measured transmittance spectra for the coated glass substrates matched the modeled
transmittance spectra for glass coated with a 150 nm thick textured layer to within 0.5%. This
agreed with the measured film thickness of 146 nm in Section 6.6.1. This validated both the
method of importing surface roughness data directly from AFM measurements and the material
constants.
7.4.1. Influence of Surface Roughness
As discussed in Section 2.3, nano-scale roughness can decrease the reflectance of a surface
by creating a region of graded index of refraction. This region eliminates the sudden step in
refractive index responsible for light reflection at an interface. Various thicknesses of both flat
coatings and coatings with AFM measured surface roughness were modeled in order to
determine the impact of surface roughness on the optical properties.
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Figure 7.4: Comparison of experimental data (solid lines) to FDTD model results (dashed
lines) for bare and coated glass substrates.
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The transmittance of glass substrates coated with flat and textured coatings was modeled at
normal incidence with film thicknesses ranging from 70 nm to 150 nm. The transmittance
spectra for 70, 110, and 150 nm thick films of each coating type are shown in Figure 7.5. The flat
coatings demonstrated well-defined curvature of the reflectance spectra due to thin film
interference as expected. The maximum transmittance peaks ranged from 370 nm to 700 nm
wavelengths for the 70 nm and 150 nm thick flat coatings respectively.
The textured coatings demonstrated a much different behavior. At 70 nm thickness, the
textured coating resulted in a small, but uniform, increase in the transmittance across the entire
spectra. For both 70 nm and 110 nm coatings, there was very little indication of curvature in the
spectra due to thin film interference . The transmittance spectrum of the 150 nm rough coating
matched that of the 110 nm flat coating. However, it was anticipated that these two coatings
would behave very differently at non-normal angles of incidence.
7.4.2. Non-normal Angle of Incidence
FDTD modeling was utilized to compare the behavior of the flat and textured coatings at
angles of incidence varying from 0° to 60°. A model was constructed that placed the PML
boundary fully within the nanoparticle coating, above the surface of the glass substrate. Incident
radiation from the source passed only through the first air-coating interface prior to being
absorbed by the PML layer. The monitor placed behind the source recorded reflected radiation
from the air-coating interface. The modeled reflectance spectra are shown in Figure 7.6.
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Figure 7.5: Comparison of flat and textured coatings of identical thicknesses.
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Figure 7.6: Reflectance from the initial air-coating interface at angles of incidence
from 0 - 60° for (dashed) flat and textured (solid) coatings.
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From the reflectance spectra, it was determined that both the flat and textured coatings
exhibited similar reflectance at normal incidence. As the angle of incidence was increased, the
textured coating consistently reflected less light than the flat coating. However, the reflectance
still increased as a function of angle for both flat and textured coatings. This indicated that while
the silica nanoparticle coating performed well at high angles of incidence, a true moth-eye type
omnidirectional ARC was not achieved.

7.5. Summary
In this chapter, a FDTD model was developed to investigate the impact of surface structure
on the optical properties of silica nanoparticle ARCs. It was found that at normal incidence, the
model was capable of reproducing the experimentally measured transmittance for double-side
coated glass to within 0.5%. The surface structures were found to reduce the thin-film
oscillations typical of single-layer ARCs and contributed to broadband antireflectivity.
The model was expanded to investigate the optical behavior of the silica nanoparticle film at
non-normal angles of incidence. At 60°, the silica nanoparticle film performed only slightly
better than an equivalent flat coating and did not achieve omnidirectional antireflectivity.
However, the current model considered only the surface topography of the coating as measured
using AFM. For example, a real coating consists of nearly spherical particles while the model
surface appeared to consist of rounded cones. Adapting the model to consider films with more
realistic surface structures may yield improved predictions of antireflectivity at high angles of
incidence.
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CHAPTER 8
DEVICE-LEVEL ANTIREFLECTIVE COATINGS
While the main objective of this study was the investigation of antireflective and selfcleaning coatings for solar glass, the unique optical properties of the reported coating showed
potential for use as a component of device-level antireflective coatings. As an in depth study of
this topic was beyond the scope of this dissertation, the goal of research in this chapter was to
demonstrate one implementation of the low index of refraction silica nanoparticle material in a
dual-layer antireflective coating.

8.1. Overview
The low index of refraction and nanoscale texture of the silica nanoparticle film exhibited
optical properties that are of great interest in dual layer antireflective films for application on
silicon and gallium arsenide (GaAs) solar cells. A preliminary design was conceived that was
expected to exhibit low reflectance over a wide range of wavelengths. The proposed
antireflective film consisted of a layer of silicon nitride covered with a silica nanoparticle layer
as shown in Figure 8.1.
By utilizing a dual-layer film, the effective wavelength range can be significantly broadened.
The low index of refraction and the presence of a nanostructured surface makes silica
nanoparticle films an interesting material choice for the top layer for dual-layer ARCs. By
creating a step in the refractive index at the initial ARC-air interface, the reflectance should be
significantly lowered.
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Figure 8.1: Diagram of the proposed dual layer antireflective coating for solar cell devices.
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8.2. Multilayer Antireflective Thin-Film Coatings
8.2.1. Single Wavelength Optimization
As discussed in Chapter 3, the reflectance from a substrate in air can be calculated using
Equation 8.1.
𝑅=

𝑛2 − 𝑛1
𝑛2 + 𝑛1

2

(8.1)

For GaAs substrates with n = 3.41, the calculated reflectance is 30%. At a particular
wavelength, this reflectance can be reduced to zero by utilizing a single layer antireflective

coating with an index of refraction of n = 1.85. A film thickness of 67 nm was calculated using
the λ/4n optimization to achieve a reflectance minimum at 500 nm wavelength. As expected, the
antireflective coating achieved zero reflectance at the target wavelength, but reflectance
rebounded to over 10% by 750 nm. The reflectance spectra of bare GaAs and GaAs with a 67 nm
single layer antireflective coating with n = 1.85 as calculated using Filmeasure software
(Filmetrics, Inc., USA), are shown in Figure 8.2.
Further analysis of these results showed that over the displayed 380 – 1050 nm range bare
GaAs reflected 36.04% of the incident solar energy. Utilizing a single layer antireflective
coating, only 7.13% of incident solar energy was reflected. It was found that this reflectance
could be reduced even further by utilizing a dual-layer antireflective film as described in the
following sections.
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Figure 8.2: Reflectance spectra for GaAs and GaAs with a 67 nm single layer antireflective
coating.
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8.2.2. Broadband Antireflectance
The case of a single layer antireflective coating on a significantly massive substrate at normal
incidence results in a relatively simple mathematical optimization for minimal reflectance at a
specified wavelength as discussed in sections 3.3 and 8.2.1. A further decrease in reflectance and
the production of broadband antireflective coatings requires the use of multiple layers of varying
thickness and index of refraction.
The reflectance of thin-film stacks is often calculated using a characteristic matrix method. In
this approach, each individual layer is assigned a characteristic matrix defined as
𝑀1 =

co s 𝜑1

𝑖𝑛1si n 𝜑1

𝑖si n 𝜑1
𝑛1
co s 𝜑1

(8.2)

where n1 is the index of refraction of layer 1 and φ is the angular phase thickness. The angular
phase thickness is defined as
𝜑 = 2𝜋 𝑛𝑑 cos 𝛼
𝜆

(8.3)

where λ is the wavelength of incident light, d is the physical thickness of the film, and α is the
angle of wave propagation in the film determined from Snell’s law. For normally incident light,
α is zero resulting in the cosine term being dropped.
For a stack of m thin films, the characteristic matrix of the stack is the product of the
individual characteristic matrices as shown in Equation 8.4.
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𝑀 = 𝑀1𝑀2𝑀3 … 𝑀𝑚

(8.4)

This characteristic matrix consists of real elements on the principal diagonal and imaginary
elements elsewhere.
𝑀 = 𝑀11
𝑖𝑀21

𝑖𝑀12
𝑀22

(8.5)

The components of this characteristic matrix can then be used to calculate transmittance and
reflectance of the thin film stack using Equation 8.6.
𝑇 =1−𝑅=

𝑛0𝑀11 + 𝑛𝑠𝑀22

4𝑛0𝑛𝑠
2

+ 𝑛0𝑛𝑠𝑀12 + 𝑀21

2

(8.6)

A much more complete derivation of this relationship can be found elsewhere [137].
However, what is apparent from this exercise is that the optimization of even dual layer coatings
is a much more involved task with multiple combinations of films resulting in local minima at
the desired wavelength. In most cases, it is advantageous to utilize optical modeling software in
order to carry out optimization of these films.
For reference, a dual layer antireflective coating designed to have a reflectance minima at
500 nm is plotted against the previous single layer antireflective coating in Figure 8.3. The dual
layer film structure consisted of a 92 nm thick top layer with n = 1.35, and a 50 nm thick bottom
layer with n = 2.5. The solar weighted reflectance of the dual layer film was 2.49%, compared to
7.13% for the single layer film. It is important to note that this was not an optimized dual layer
film, but is presented to highlight the theoretical justification for multilayer antireflective
coatings.
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Figure 8.3: Reflectance spectra for GaAs, GaAs with a 67 nm single layer antireflective
coating, and GaAs with a dual layer antireflective coating.
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8.2.3. Optimization Parameters
In reality, the limited values of index of refraction available from real materials significantly
reduce the number of possible solutions to the above equations. In this study, silicon nitride and
the developed silica nanoparticle coating were used to create a dual layer antireflective coating.
The thicknesses of these layers were optimized using a finite-difference time-domain (FDTD)
model. The model was designed to increase the thickness of each layer independently and
calculate the solar weighted reflectance for each combination. The optimal film thickness
combination was chosen as the one with the lowest solar weighted reflectance.

8.3. FDTD Model Optimization
Modeling of the optical properties of dual layer antireflective coatings on GaAs was
conducted utilizing a commercial FDTD software package (FDTD Solutions, Lumerical
Solutions, Inc., Canada). A script was written to step the film thicknesses of each layer
independently and record the model results with each combination. Silicon nitride film
thicknesses from 0 – 100 nm and silica nanoparticle film thickness of 0 – 200 nm were
considered with 50 divisions each resulting in a 2 nm step size for silicon nitride films and 4 nm
step size for silica nanoparticle films.

8.3.1. Design of Model
A diagram of the model is shown in Figure 8.4. A broadband plane wave source (BPWS) was
utilized to allow calculation of reflectance at all wavelengths in a single model solution. The
BPWS was configured to consist of all wavelengths of light between 400 and 1050 nm.
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Figure 8.4: Diagram of the FDTD model design for dual layer antireflective coatings on
GaAs. Light was incident on the sample from a BPWS. Reflectance was measured by a
monitor placed behind the BPWS.
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A reflectance monitor was placed behind the BPWS to measure power reflected from the
sample. Since the net power flow in this setup was in the negative Z direction and reflected
power measured by the reflectance monitor was in the positive Z direction, the data reported by
the monitor was inverted prior to analysis.
Bloch boundary conditions used in the X and Y directions avoided glancing reflections from
the simulation boundary that plague perfectly matched layer (PML) boundary conditions. PML
boundary conditions were suitable in the Z direction since radiation was incident at near normal
angles.

8.3.2. Results from Model
For each combination of silicon nitride and silica nanoparticle film thicknesses, the
calculated reflectance spectra was normalized using the AM1.5 solar spectrum [138] and was
reported as the solar reflectance. The solar reflectance as a function of the film thicknesses is
shown in Figure 8.5. For bare GaAs, the model predicted a solar reflectance of 35.31% with no
antireflective coating.
For a single layer of silica nanoparticle film on a GaAs surface, the model predicted a
minimum solar reflectance of 22.64% with a film thickness of 124 nm. For a single layer silicon
nitride, the solar reflectance was minimized at 8.11% with a 74 nm thick film. It was found that
using a dual layer antireflective coating the solar reflectance was minimized to 4.82% with a
combination of 116 nm silica nanoparticle and 70 nm silicon nitride film thicknesses.
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Figure 8.5: Calculated solar reflectance for dual layer silicon nitride and silica
nanoparticle antireflective coating with varying layer thicknesses.
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The individual reflectance spectra for the best performing coatings are shown in Figure 8.6. It
can be noted that the single layer of silica nanoparticle film provided a broadband suppression of
the reflectance, but only to a minimum value of 18.45% at 671 nm wavelength. The silicon
nitride film was able to achieve a reflectance of 0.01% at 572 nm; however, by 711 nm the
reflectance had rebounded above 5%. The optimized dual layer antireflective coating
demonstrated reflectance of less than 5% over a range of wavelengths from 482 to 941 nm. This
performance was confirmed experimentally in the following sections.
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Figure 8.6: Modeled reflectance of best-performing single layer and dual layer
antireflective coatings on GaAs substrate.
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8.4. Thin-film Deposition
Silicon nitride (SiNx) was deposited using plasma-enhanced chemical vapor deposition
(PECVD, SLR730, Plasma Therm, USA). Stress-free SiNx films were deposited by using a
helium rich plasma recipe shown in Table 8.1. The deposition rate was characterized by
depositing SiNx on silicon wafers with deposition times varying from 5 to 10 minutes. The
thickness was measured by curve fitting the spectral reflectance measured using a simultaneous
transmittance and reflectance spectrophotometer (aRTie, Filmetrics, Inc., USA). The linear fit of
thickness versus deposition time yielded a deposition rate of 9.9 nm/min as shown in Figure 8.7.
The index of refraction of the deposited silicon nitride films was then measured using spectral
reflectance and a composite recipe that fit data from 4 different thicknesses. The index of
refraction was found to be 2.01 at 632.8 nm wavelength. Figure 8.8 shows the dispersion of the
measured index of refraction to that of a commonly cited reference [139].

Table 8.1: PECVD Silicon Nitride Recipe
Gas
SiH4
N2
NH3
He

Flow Rate (sccm)
40
200
4
770

Power
Pressure
Stability time
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50 W
900 mT
30 s

Figure 8.7: Deposition rate characterization for stress-free PECVD silicon nitride.
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Figure 8.8: Dispersion of the index of refraction of the deposited stress-free PECVD silicon
nitride compared to a commonly cited reference [139].
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Silica nanoparticle films were deposited by dip coating on a silicon substrate with a 70 nmthick silicon nitride film using the optimized PVP and SiO2 process developed in previous
chapters. PVP was deposited at a dipping speed of 50 mm/min from both 1 wt% and 5 wt%
solutions in methanol. After each deposition step, the film thickness was measured by lightly
scratching with sharp tweezers and measuring the step height using AFM. The dipping speed and
associated film thickness are shown in Table 8.2.
It was found that with a PVP concentration of 1 wt%, the silicon substrate did not accumulate
a coating during the dip coating process. This was largely due to the atomically smooth surface
and relatively low adhesion forces between the coating solution and substrate. In turn, the same
behavior was demonstrated during the silica dip coating step and no measurable film was
deposited on the substrate.
With 5 wt% PVP solution, a film was readily formed on the silicon substrate. The PVP
adhesion layer allowed wetting of the silica nanoparticle solution resulting in a uniform film
being deposited. It was found that film thickness varied according to dipping speed with films
ranging from 70.6 to 129.8 for dipping speeds of 10 and 80 mm/min, respectively.

Table 8.2: Film Thicknesses for PVP and SiO2 Dip Coating
Sample
1
2
3
4
5
6

Silica
concentration
(wt%)
1
1
1
5
5
5

Dipping Speed
(mm/min)
10
50
80
10
50
80
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Film Thickness
(nm)
70.6
101.2
129.8

8.5. Optical Characterization
The fabricated samples were characterized using spectral transmittance and reflectance
spectrophotometry. The reflectance was measured after deposition of both the silicon nitride and
silica nanoparticle films. The coatings were first deposited and characterized on low cost silicon
wafers to optimize the procedure prior to transitioning to high cost GaAs devices. The ultimate
goal of research in this chapter was achieved in characterizing the electrical performance of a
GaAs solar cell utilizing the dual layer antireflective coating.

8.5.1. Deposition on Silicon Wafers
The reflectance of silicon nitride films deposited using PECVD with deposition times of 5, 6,
7, 8, and 10 minutes are shown in Figure 8.9. The modeled reflectance spectra for these films are
also shown for reference. Both the wavelength of minimum reflectance and the shape of the
experimental data matched well to the predicted reflectance spectra. This validated the model
design and material constants utilized in the optimization models. The discrepancies between the
model and experimental data at wavelengths longer than 1000 nm was due to the bandgap limit
of silicon not being considered in the model.
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Figure 8.9: Experimentally measured (solid line) and modeled (dashed line) reflectance of
silicon nitride films of various thickness on silicon substrates.
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The reflectance spectra of the dual layer ARCs consisting of 70 nm of silicon nitride and
various thicknesses of silica nanoparticle coating are shown in Figure 8.10. The location of the
reflectance minima and the broadband suppression of reflectance for samples deposited at 10
mm/min and 50 mm/min agreed with the modeled data. However, the reflectance measured for
samples deposited at 80 mm/min was uniformly higher than the predicted reflectance from the
model. During the reflectance measurement, the presence of interference fringes running in the
dipping direction was noticed. These fringes occurred due to variations in the film thickness
caused by pooling of the silica solution on the sample surface. This variation in film thickness
was responsible for the measured reflectance being higher than expected. At lower dipping
speeds, excess fluid was drawn back into the dipping vessel creating films with higher
uniformity and predictable optical properties.
8.5.2. Deposition and Characterization of PV Devices
The optimized dual layer ARC was deposited on three planar silicon solar cells and two
GaAs solar cells. The coating thickness and optical properties was monitored on a dummy wafer
since the closely spaced gridlines on the face of the solar cells prevented accurate reflectance
measurements. The cells were coated with 70 nm of silicon nitride using PECVD, and 101 nm of
silica nanoparticle coating by dip coating at 50 mm/min.
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Figure 8.10: Comparison of experimentally measured reflectance spectra (solid lines) for dual layer ARCs consisting of 70 nm
of nitride coated with silica nanoparticles deposited at dipping speeds of 10, 50, and 80 mm/min to modeled spectra (dashed
lines) of similar thickness.
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The current-voltage characteristics of the cells were measured before and after deposition of
the dual layer coating. The external quantum efficiency (EQE) of the GaAs cells was also
characterized before coating, after the first nitride deposition, and after nanoparticle layer
deposition in order to determine the relative contribution of the individual coating layers.
The current-voltage curves for each of the 3 cells before and after coating are shown in
Figure 8.11 (a). The planar silicon cells were measured to have an average efficiency of 10.6%.
After dip coating of cell number 2, sufficient contact to the back-side metallization was not
possible for accurate measurement. The insufficient contact was apparent in the measurement
process due to the measured short circuit current fluctuating with probe position and pressure.
For the remaining two cells, after deposition of the dual layer coating the average efficiency
increased to 14.0%. This was a 33% relative increase in efficiency. The short-circuit current of
the cells increased by 28% to an average of 35 mA. The open circuit voltage showed only minor
improvement as was expected for non-dispersive antireflection coatings. The efficiency, shortcircuit current, and open-circuit voltage for each of the tested cells is shown in Table 8.3.
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Table 8.3: Electrical Characteristics of Planar Silicon Solar Cells
Jsc (mA)
Voc (mV)
Bare
26.6
537.8
Cell 1
Coated
35.0
543.4
Improvement
31.6%
1.04%
Bare
26.7
527.6
Cell 2
Coated*
Improvement
Bare
28.1
567.4
Cell 3
Coated
35.0
569.7
Improvement
24.6%
0.41%
Bare
27.4
552.6
Average Coated
35.0
556.6
Improvement
28.0%
0.72%
*Cell 2 was destroyed during coating.

Efficiency (%)
9.78
13.30
36.0%
9.86
11.40
14.71
29.0%
10.59
14.00
32.2%

Two different types of GaAs cells were coated with the dual layer ARC. The EQE and
current-voltage characteristics were measured before coating, after coating with nitride, and after
deposition of the nanoparticle layer. The current-voltage characteristics are shown in Figure 8.11
(b).
However, delamination of the silicon nitride layer was noticed after dip coating with silica
which resulted in reduction of the current densities to just at, or below, that of the uncoated cells.
It was determined that this was caused by contamination on the device surface from the silver
paste used to make contact with the backside metallization. The detrimental effect of this
delamination was most apparent in the current-voltage curves because the higher current
densities resulted in large resistive losses.
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(a)

(b)

Figure 8.11: (a) Current-voltage characteristics of the three planar silicon solar cells
before (solid line) and after (dashed line) coating with the dual-layer ARC. (b) Currentvoltage characteristics of the GaAs cells before coating (solid line), after coating with
nitride (dot-dashed line), and coating with the dual layer ARC (dashed line).
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The EQE of each GaAs cell was measured before and after applying the dual layer ARC. The
EQE is a ratio of generated carriers to incident photons at each wavelength and is strongly
dependent on surface reflectance. However, the incident energy and resulting currents are very
small which leads to less contact related error.
The EQE curves for GaAs Cell #2 before coating, after nitride deposition, and after
deposition of the nanoparticle layer are shown in Figure 8.12. The addition of the silicon nitride
layer resulted in an increase in the current density produced by the cell. This was expected since
the reflectance was reduced from 35% to 8% by addition of a single layer of silicon nitride in the
models. The models also predicted that the addition of the silica layer would result in further
decrease in reflectance to 4.8%. This improvement was much more subtle, but was easily
demonstrated by the improvement in the EQE of the cell.
Both the silicon nitride and dual layer ARC had an EQE peak between 700 and 720 nm of
83%. At 500 nm, the single silicon nitride layer had an EQE 1.5% greater than that of the dual
layer coating. However, at 900 nm, the EQE of the dual layer coated cell was 3.5% higher than
the nitride layer alone.
From the optical modeling data shown in Figure 8.6, it was predicted that the reflectance of
the dual layer coating would be higher than that of the single nitride layer for wavelengths
between 500 and 700 nm. The dual layer coating exhibited lower reflectance than the single
nitride layer for wavelengths longer than 700 nm and shorter than 500 nm. The EQE data
demonstrated that cells coated with the dual layer coating performed better at wavelengths below
500 nm and longer than 700 nm due to more of the incident light being utilized by the cell.
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Figure 8.12: External quantum efficiency measurements on GaAs cell #2.
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8.6. Summary
In this chapter, the silica nanoparticle coating developed in previous chapters was utilized as
a component in a dual-layer ARC for both crystalline silicon and GaAs based solar cells. FDTD
modeling was used to optimize the film thicknesses required to achieve minimal reflectance.
From the modeled results, it was found that a 74 nm thick nitride film covered with 116 nm of
silica nanoparticle film resulted in an average reflectance of 4.82%. The silicon cells coated with
the dual-layer ARC showed a 32% average relative increase in efficiency and a 28% increase in
short circuit current.
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CHAPTER 9
CONCLUSIONS AND OUTLOOK
A method to deposit silica nanoparticle films on glass sheets and semiconductor devices from
an aqueous solution was developed in this research. The role of nanoscale surface features in
determining the optical properties of the coating was studied experimentally and numerically.
The wetting behavior, and subsequent self-cleaning effect, was also studied experimentally. The
use of a polymer adhesion layer to assist deposition of nanoparticle coatings on surfaces has a
wide range of applications in current and future products.
9.1. Summary
The deposition of silica nanoparticle films from aqueous solution was studied extensively. It
was found that films with good uniformity could be deposited at dipping rates of 80 mm/min in a
5 wt% silica solution. Slower dipping speeds and lower silica concentrations led to patchy film
coverage and undesirable optical properties. It was found that these films achieved a 4.8%
increase in solar transmittance in the wavelength range of 350 – 1100 nm.
The deposited silica nanoparticle films also exhibited superhydrophilic behavior. This
extreme wettability led to the anti-fogging and self-cleaning ability of the coated glass. It was
found that twice as many contaminants were removed from the coated glass under light raining
conditions than bare glass. The coated glass removed 89.5% of contaminants under light raining
and 98.7% under heavy raining conditions compared to 48.1% and 90.6% respectively for bare
glass.
The deposition of silica nanoparticles using the original method resulted in large edge effects
due to the surface tension of the aqueous solution. A method of depositing a PVP adhesion layer
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on the glass substrates prior to depositing the silica nanoparticle film was developed. It was
found that using this method the edge effects and overall uniformity of the coating were
improved. Samples prepared by dipping at 50 mm/min in 1 wt% PVP in methanol and 10
mm/min in 5 wt% silica resulted in a film with greater than 97% solar transmittance. These
samples were capable of transmitting 99.45% of incident light at 608 nm.
Using AFM, it was found that the surface of the films deposited using a PVP adhesion layer
exhibited nanostructures that were not present in silica only films. The average peak-to-peak
distance increased from 50 nm for silica only films to 200 nm for the PVP/SiO2 films. This
surface structure was found to be the result of self-assembly of individual silica nanoparticles
into agglomerates on the surface. It was also determined that the bulk of PVP was removed
during the silica deposition step, leaving only a thin layer to modify the wetting properties of the
glass surface.
The electrical performance of high efficiency solar cells was measured when packaged with
bare glass and PVP/SiO2 coated glass. The short circuit current and conversion efficiency of the
cells packaged with coated glass were found to increase by a relative 4.4% over cells packaged
with bare glass. This was the result of more light being transmitted into the device and converted
into electricity by the PV cell. These gains are expected to scale with the conversion efficiency
as new higher-efficiency solar cell technologies are invented.
FDTD modeling was utilized to understand the fundamental link between surface structuring
of the silica films and the optical properties. The surface topography of the PVP/SiO2 films was
measured using AFM and directly imported into the model. It was found that the surface
roughness eliminated the majority of thin film interference oscillations and provided broadband
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antireflectivity to the coated glass. The performance was evaluated at non-normal angles of
incidence and only slightly lower reflectance was found for the structured surface at 60°.
However, the current model was limited to using AFM topography data to simulate the coating
surface. Since the protrusions are actually spherical particles instead of rounded cones as viewed
in AFM, the actual performance may be significantly different than predicted in the model.
The low index of refraction porous silica nanoparticle films were evaluated for use as a
component layer of dual-layer device level antireflective coatings. FDTD modeling was utilized
to find an optimal dual-layer ARC design of 70 nm thick layer of silicon nitride combined with
116 nm-thick film of silica nanoparticles. The model predicted an average solar reflectance of
4.8% from 400-1100 nm wavelengths. This coating was utilized on planar silicon solar cells and
resulted in a 32% relative increase in device efficiency and 28% increase in the short circuit
current.
This research work was focused on creating a fundamental understanding of the deposition of
silica nanoparticle coatings on glass and semiconducting substrates using a polymer adhesion
layer. The morphology and optical properties of the coatings and the performance of devices
implementing these coatings were studied. Optical modeling was utilized to optimize the film
structure and provide insight into the role of nanometer scale roughness on the optical properties
of the coating. The developed modeling technique pairing AFM data to optical properties could
serve as a design tool for future graded index of refraction coatings and antireflective surface
structures.
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9.2. Conclusions
The specific goals of this research, as presented in Section 1.2, were achieved. Conclusions
were drawn based on the outcome of these experiments and are listed below:
1. The impact of silica concentration and dipping speed on the surface topography and
optical properties of the silica nanoparticle coatings were investigated. It was found that
both silica concentration and dipping speed impact the film thickness and uniformity of
the coating. At low speeds and low concentrations, a patchy film was deposited. At 5
wt% silica concentration, the dipping speed determined the thickness of the deposited
coating. The patchy film deposited at low speeds and concentrations resulted in some
improvement in transmittance; however, the spectra closely followed that of bare glass.
The uniform film formed from 5 wt% solution demonstrated thin-film interference with
the transmittance maximum determined by the thickness of the coating.
2. PVP was identified as a suitable adhesion layer material to increase the uniformity of the
deposited coating. Utilizing PVP, an average solar transmittance of greater than 97% was
achieved for double-sided coated glass substrates. When used to package a highefficiency solar cell, a 4.4% increase in the efficiency and short-circuit current was
achieved over an identical cell packaged behind bare glass.
3. The use of PVP as an adhesion layer resulted in the formation of nanostructures on the
coating surface. A mechanism of preferential deposition of silica nanoparticles on the
PVP coated surface was proposed based on adhesion forces measured using AFM.
Through FDTD modeling, these structures were also found to impact the optical
properties of the surface by forming a region of graded index of refraction at the coating
surface.
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4. The low index of refraction of the porous silica nanoparticle coating was utilized in duallayer ARCs for both GaAs and silicon solar cells. On planar silicon cells, a 32% relative
increase in efficiency and 28% increase in short-circuit current was achieved due to the
ARC.

9.3. Opportunities
The self-assembly of silica nanoparticles on PVP coated glass is exciting and warrants future
study. The immediate opportunity is to utilize this technique to decrease processing costs and
open new opportunities for nanoparticle films in industrial processes, such as glass coating and
semiconductor fabrication.
Additional opportunities exist in the realm of patterned deposition of nanoparticles by
modifying the wetting behavior of domains on the surface. PVP films deposited on the substrate
could be easily patterned with micron scale features using plasma etching and a simple shadow
mask. More precise nanometer scale features could potentially be formed using nanoimprint
lithography. The subsequent dip-coating of these patterned PVP films could result in the
localized deposition of the silica nanoparticles and distinct domains of wetting on the surface.
Potential uses of this technology exist in microfluidic device manufacturing and chemical
sensing applications.
The developed modeling techniques can be utilized to design next-generation antireflective
coatings on both glass and solar devices. An immediate effort on creating bottom-up graded
index of refraction coatings on silicon is warranted and could potentially reduce the number of
processing steps required to create high-efficiency solar cells. The use of nanoparticle coatings
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can provide graded index of refraction behavior in the range of n = 1.2 – 1.5. This technology
could easily be coupled with silicon oxynitride graded index coatings deposited using chemical
vapor deposition, giving a total range of graded indexes from n = 1.2 – 3.0.
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APPENDIX A: SAMPLE FDTD PARAMETER SWEEP SCRIPT
clear;
closeall;
###################################
#Define variables
wavelength=linspace(.350e-6,1.05e-6,141);
Testangles=linspace(0,60,13);
Trans=matrix(length(wavelength));
TransP=matrix(length(wavelength));
TransS=matrix(length(wavelength));
Solar_Transmittance=matrix(length(Testangles));
###################################
#Loop to change angle of incidence of light from source
for(n=1:length(Testangles)){
switchtolayout;
select("source1");
angleI=Testangles(n);
set("angle theta",angleI);
###################################
#Nested loop to measure transmittance at each wavelength
for(i=1:length(wavelength)) {
switchtolayout;
setglobalsource("wavelength start",wavelength(i));
setglobalsource("wavelength stop",wavelength(i));
select("source1");
###################################
#Set polarization angle to 0 degrees and run first simulation
set("polarization angle", 0);
?"running simulation "+num2str(i)+" of " +num2str(length(wavelength));
run;
####################################
#Get results for first polarization
TransP(i)=transmission("T2");
?TransP(i);
####################################
#Change polarization to 90 degrees and run simulation
switchtolayout;
select("source1");
set("polarization angle", 90);
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run;
####################################
#Get results for second polarization
TransS(i)=transmission("T2");
?TransS(i);
###################################
#Calculate the non-polarized transmittance
Trans(i)=sqrt(.5*TransP(i)^2+.5*TransS(i)^2);
}
####################################
#Get results
lambda_sim=wavelength;
####################################
#Get AM1.5 Solar Spectrum from software
lambda=solar(0);
lambda=lambda(length(lambda):-1:1);
ssp=solar(1);
ssp=ssp(length(ssp):-1:1);
lmin = find(lambda,min(lambda_sim));
lmax = find(lambda,max(lambda_sim));
lambda = lambda(lmax:lmin);
ssp = ssp(lmax:lmin);
####################################
#Interpolate data to use same f vector and calculate solar transmittance
Trans=interp(Trans,lambda_sim,lambda);
Trans_weighted=integrate(ssp*Trans,1,-lambda);
Solar_Power=integrate(ssp,1,-lambda);
?"Transmitted Power: "+num2str(Trans_weighted)+ "watts";
Solar_Trans=Trans_weighted/Solar_Power*100;
?"SolarTrans: "+num2str(Solar_Trans)+"%";
WTrans=ssp*Trans;
###################################
#Store solar transmittance for this angle of incidence
Solar_Transmitance(n)=Solar_Trans;
###################################
#Create heading for spectra file
format short;
fname="RoughGlass_17rms_122nm_Angle_"+num2str(angleI);
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filename=fname+".txt";
write(filename, "Wavelength (nm), Unpolarized Transmittance, 0 Polarized, 90 Polarized");
format long;
###################################
#Run loop to save spectra
for (k=1:length(wavelength)) {
str=num2str(wavelength(k)*1e9)+", "+num2str(Trans(k))+", "+num2str(TransP(k))+",
"+num2str(TransS(k));
write(filename, str);
}
###################################
#Plot Polarized transmittances
plot(wavelength, TransP, TransS, "Wavelength (nm)","0 Polarized", "90 Polarized", "Polarized
Transmittance");
exportfigure(fname+"_pol");
###################################
#Plot unpolarized transmittances
plot(wavelength, Trans, "Wavelength (nm)","Transmittance (%)", "Unpolarized Transmittance");
exportfigure(fname+"_unpol");
closeall;
}
###################################
#Save solar transmittances as function of incident angle
format long;
filename2="T_angles_122nm_Rough17nm_glass.txt";
for (k=1:length(Testangles)) {
str=num2str(Testangles(k))+", "+num2str(Solar_Transmittance(k));
write(filename2, str);
}
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APPENDIX B: DESCRIPTION OF RESEARCH FOR POPULAR PUBLICATION
Clean Panels make Clean Energy
Solar panels are marketed as a once-and-done investment in the energy of the future.
However, the dirty truth is the output of those panels begins to decrease immediately upon
installation due to dirt and dust accumulation on the surface. This problem is exacerbated by the
fact that large solar installations are usually placed in arid locations. Scientists at the University
of Arkansas believe that they have found the answer to this big problem in the smallest of
materials.
Corey Thompson, a PhD student in Microelectronics and Photonics at the University of
Arkansas, and his mentor, Dr. Min Zou, have created nanoparticle coatings that exhibit an
extreme interaction with water. When water contacts the coating surface, the droplet spreads out
rapidly pushing contaminates off of the surface. This self cleaning effect requires very little
water – which could provide relief to a common “black-eye” of solar projects.
“Solar energy has attracted intense negative publicity in areas such as the desert Southwest
because of excessive water usage,” Thompson said. “The panels installed in the Mojave Desert
require 16 thousand gallons of water per year for every megawatt of capacity. These installations
put added pressure on an already scarce resource.”
In research published in Solar Energy Materials and Solar Cells, Thompson and Zou report
that a very small amount of water, equivalent to a light misting, is required to clean glass treated
with their nanoparticle coating. If adopted on a commercial scale, this could significantly reduce
the amount of water required to clean solar installations.
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An added benefit of the developed coating is that it exhibits an index of refraction ideal for
glass antireflective coatings. Using this coating, over 97% of incident light is transmitted, even
when using low-quality soda lime glass. This results in a 4.4% increase in the power output of
solar panels packaged using this technology.
“By using this coating, we can provide both self-cleaning and antireflective functionality to
the glass surface,” said Thompson. “Up until now, these effects have been mutually exclusive;
however, by forming the coating using nanoscale particles, we are able to benefit from both the
high surface area of the particles and the porous matrix that they create. The high surface area of
the silica particles is covered with hydroxyl groups that contribute to the rapid spreading of water
on the surface. The porous nature of the coating also lowers the index of refraction and creates an
antireflective coating.”
In recent years, the prices of solar panels have dropped significantly due to intense
competition from subsidized Chinese and European producers. Module producers are seeking
low-cost efficiency improvements in order to survive industry consolidation and capitalize on
future growth. The developed self-cleaning and antireflective coating could be a readily
adoptable technology that provides this differentiation. Thompson and Zou have filed an
international patent to protect their coating process, and Thompson has formed WattGlass, LLC
to explore commercialization opportunities for the technology.
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APPENDIX C: EXECUTIVE SUMMARY OF NEWLY CREATED IP
C.1. Newly created IP
1. The use of polyvinylpyrrolidone as an adhesion layer for silica nanoparticle films is novel
and could be utilized in the deposition of nanoparticle films on a variety of substrates.
2. Dual-layer antireflective coating consisting of silicon nitride layer and silica nanoparticle
coating.
C.2. Patentability
1. The use of a polymer adhesion layer to deposit uniform films of nanoparticles is novel
and has not been reported in literature. The immediate application is in the low cost
deposition of antireflective coatings for the solar industry. However, future applications
may exist in the coating of a variety of substrates. The IP is protectable since the
deposition process can be detected in the final product.
2. The IP is not patentable since the physics of dual-layer optical coatings is well
understood and the deposition of silica nanoparticles in this embodiment is just an
extension of IP #1.
C.3. Recommendation
1. The polymer adhesion layer IP should be patented. The solar market is a large and
growing market, and the adoption of glass antireflection coatings is occurring at a rapid
rate. An invention disclosure has been filed with the University of Arkansas Technology
Licensing Office. A provisional patent application was filed in March 2013 and PCT
patent application was filed in March 2014.
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2. Patent protection of this IP should not be pursued. The results are interesting for
publishing in the scientific literature; however, no component of the deposition or
formulation of the coating is protectable under patent law.
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APPENDIX D: POTENTIAL PATENT AND COMMERCIALIZATION
D.1. Patentability
The use of a polymer adhesion layer for the deposition of silica nanoparticle films is novel
and patentable. In the course of this research, an invention disclosure was submitted to the
University of Arkansas Technology Ventures office. A provision patent, #61/771,191, was filed
and converted to PCT international patent application number PCT/US2014/019806 on March 4,
2014. No other patentable IP has been identified in the reported research.
D.2. Commercialization Prospects
A company, EVERclean Coating Solutions, LLC, was formed by the author and two
colleagues from the Walton MBA program. Through the graduate business plan competitions,
the company won $19,500 dollars in prize money. These awards included 1st place in the
Arkansas Governor’s Cup Innovation Track, Mid-South Champion in the Wal-Mart Better
Living Sustainability Competition, 3rd place in the Arkansas Governor’s Cup Graduate Track and
3rd place in the Louisville Cardinal Challenge.
EVERclean Coating Solutions was dissolved at the end of the competition season. However,
the licensing rights have been acquired through another small company, WattGlass, LLC.
WattGlass is a collaboration between a Little Rock based entrepreneur, two Fayetteville
entrepreneurs, and the author. At the date of defense of this dissertation, WattGlass has been
awarded $20,000 through the Arkansas Science and Technology Authority’s Technology
Development Program. WattGlass has also applied for a NSF Small Business Innovation
Research (SBIR) grant and submitted to the Department of Energy Solar Manufacturing 2
(SOLARMAT2) program.
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D.3. Possible Prior Disclosures
Patent applications for the core IP in this research were filed within the acceptable dates from
all possible disclosures. All additional disclosures are listed in Appendix H.
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APPENDIX E: BROADER IMPACT OF RESEARCH
E.1. Applicability of Research Methods to Other Problems
The methods used in this research can easily be adapted to other coatings and surface science
problems. The capability to characterize self-cleaning ability was developed in our lab using
examples drawn from literature. Also, the optical characterization and peak force quantitative
mapping mode AFM capabilities of our lab were developed during this research.
E.2. Impact of Research Results on U.S. and Global Society
Antireflective glass coatings have many applications, ranging from building glass,
greenhouse glass, and solar glass. The coating developed in this research is deposited using
methods that are fully compatible with high-throughput deposition techniques such as rollcoating and spray coating. Total process costs are approximately 0.083 cents-per-watt at the
gigawatt scale; however, the increased power output and reduced BOS costs results in an
expected reduction of 14.85 cents-per-watt. Greater reductions in cost-per-watt can also be
expected as panel efficiencies continue to increase. In addition, the self-cleaning and antifogging
abilities of the coating provide additional cost savings by reducing the frequency of panel
cleanings and reducing the soiling losses during the time between cleanings.
E.3. Impact of Research Results on the Environment
The reduction in cost of solar energy due to the use of effective self-cleaning and
antireflective coating technology is one of many advances that will lead to solar energy
becoming a cost-effective alternative to fossil fuels. However, near-term environmental benefits
include the reduction in the amount of water required for panel cleaning, especially in arid
environments, and that no detergents or other chemicals are needed in the cleaning process.
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APPENDIX F: MICROSOFT PROJECT FOR MICROEP DEGREE PLAN
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APPENDIX G: SOFTWARE USED IN RESEARCH AND DISSERTATION
GENERATION
Computer #1:
Model #: ASUS K53E
Serial #: BCN0AS396734507
Location: Home
Owner: Corey Thompson
Software:
Name: Microsoft Office 2007
Product ID: 81608-956-5176243-65261
Purchased by: Corey Thompson
Software:
Name: FILMetrics FILMeasure
Hardware key
Purchased by: Min Zou
Software:
Name: ImageJ 1.46r
Purchased by: Open source software
Software:
Name: Inkscape 0.48
Purchased by: Open source software
Computer #2:
Model #: Bruker CPU
Serial #: 313060-004
Location: ENRC 3414
Owner: Min Zou
Software:
Name: Bruker Nanoscope Suite
Freeware vailable online from Bruker
Computer #3:
Model #: Dell Precision T7500
Serial #: 1ML1PS1
Location: ENRC 3414
Owner: Min Zou
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Software:
Name: Lumerical FDTD Solutions
Key: 0262 7AB1 8719 EFB4 FB94 76A7 0592 D179 02DC A69F 4B03 BACE 7F40 755B
33A3 1B9E 375A A444 4633 3FAD 0526
Purchased by: Min Zou
Software:
Name: Microsoft Office 2010
Campus group license
Purchased by: Mechanical Engineering Department
Computer #4:
Model #: Vostro 270s
Serial #: CN-0JP9CW-70163-34G-01N3-A00
Location: NANO 131
Owner: Min Zou
Software:
Name: FILMetrics FILMeasure
Hardware key
Purchased by: Min Zou
Computer #5:
Model #: Dell Vostro 220
Serial #: BG23JL1
Location: NANO 131
Owner: Min Zou
Software:
Name: ToupView
No key, received with purchase of microscope camera
Purchased by: Min Zou
Computer #6:
Model #: Dell Precision 3400
Serial #: CKCWMH1
Location: NANO 132
Owner: Min Zou
Software:
Name: SCA20
No key, received with purchase of water contact goniometer
Purchased by: Min Zou
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Computer #7:
Model #: Dell Dimension 2400
Serial #: 3F5TK71
Location: NANO 132
Owner: Min Zou
Software:
Name: SGServer
No key, received with purchase of dip coater
Purchased by: Min Zou
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APPENDIX H: ALL PUBLICATIONS PUBLISHED, SUBMITTED, AND PLANNED
Published Papers
Thompson, C. S., Fleming, R. A., & Zou, M., Extreme surface wetting for solar panel
applications. Advancing Microelectronics, 39(6), 12-15 (2012).
Thompson, C. S., Fleming, R. A., & Zou, M., Transparent self-cleaning and antifogging silica
nanoparticle films. Solar Energy Materials and Solar Cells, 115, 108-113(2013).
Conference Papers
Thompson, C. S. and Zou, M., Nanostructured PVP/SiO2 antireflective coating for solar panel
applications. IEEE NANO, Beijing, China, August 2013.
Thompson, C. S. and Zou, M. (2013). “Silica nanoparticle antireflective coating with PVP
adhesion layer. IEEE Photovoltaics Specialist Conference (PVSC-2013), Tampa, Florida,
July 2013.
Thompson, C.S. and Zou, M. (2014). Investigation of Moth-Eye Antireflection Coatings for PV
Cover Glass using FDTD method. IEEE Photovoltaics Specialist Conference (PVSC-2014),
Denver, Colorado, June 2014.

Planned Papers
“Dual-layer antireflective coating for solar cells using silica nanoparticles.”
“PVP mediated surface structuring of silica nanoparticle based antireflective glass coatings.”
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